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Summary 
Summary 
This project addresses three points: (1) the feasibility of synthesizing different 
types of nano-size oxide ceramic reinforced metal matrix composites using an 
innovative solidification processing route commonly known as disintegrated melt 
deposition (DMD) and blend-press-sinter powder metallurgy (PM) technique and to 
study the effectiveness of the type of processing, (2) the effects of various types of 
nano-size oxide ceramic particulates in varying amounts on the microstructural and 
mechanical properties of pure magnesium and to identify the most potential type of 
reinforcement, and (3) to study the effect of length scale (nanometer to micrometer 
size) of the most potential oxide ceramic reinforcement. All the above objectives were 
validated by a thorough and in-depth microstructural, physical and mechanical 
properties characterization of the extruded samples. 
The composite materials were successfully synthesized using both the DMD 
and PM techniques followed by hot extrusion.  Nano-size particulates of Al2O3, Y2O3 
and ZrO2 were separately incorporated as reinforcement in magnesium matrix in the 
first stage to select the most potential reinforcement.  The macrostructural 
characterization conducted on the composite materials did not show the presence of 
defects as macropores or shrinkage cavities in the cases of DMD processed 
nanocomposites and surface crack or deformation in the cases of PM processed 
nanocomposites, which indicates the feasibility of both the DMD and PM processing 
for synthesizing nano-size oxide ceramic reinforced magnesium based 
nanocomposites. 
Microstructural characterization revealed fairly uniform distribution of 
reinforcement with good interfacial integrity and significant grain refinement in 
magnesium matrix for most of the nanocomposites. However, DMD processed 
Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan ix
Summary 
samples showed relatively better reinforcement distribution and grain refinement when 
compared to the PM processed nanocomposite samples. 
Mechanical properties of the materials were analyzed by conducting hardness 
(micro as well as macro) and tensile tests. The results of the hardness test revealed that 
the matrix hardness of the composite materials was increased by the incorporation of 
nano-size Al2O3, Y2O3 and ZrO2. The tensile properties results showed that the 
strength, ductility and work of fracture of most of the nanocomposites were 
significantly increased as a result of the presence of reinforcement. However, superior 
combination of mechanical properties of nano-size Al2O3 reinforced materials made 
them most potential candidate for strength based designs (higher yield strength when 
compared to magnesium) and damage tolerant designs (higher work of fracture when 
compared to magnesium) with good formability among all the developed 
nanocomposites.  
It is interesting to note that the fracture surface study on the nanocomposites 
revealed the change of fracture mode of magnesium matrix from complete cleavage to 
mixed mode of ductile and intergranular, dominated by formation, growth and 
coalescence of the microscopic voids with the activation of non-basal slip system 
triggered by the presence of nano-size oxide particulates.  
Effectiveness of Al2O3 particulates to improve room temperature mechanical 
properties is found to be: (a) increased with decreasing particulate size (50-nm, 0.3μm 
and 1μm used in this study), and (b) within the range of 0.66 to 1.11volume percentage 
of reinforcement (0.22 to 2.49 volume percentages used in this study).  
Different types of materials are reported separately in this report for easy 
readability. 
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Chapter 1: Introduction 
Magnesium based materials has extensive demand for applications that stretch 
from automobile and aerospace industries in replacement of aluminum and steel to 
electronic and computer industries in replacement of plastics [1-6]. The early 1990s are 
considered to be the renaissance for magnesium as a structural material due to 
environmental concerns, increasing safety and comfort levels, a significant 
improvement in the corrosion resistance of high purity magnesium alloys, rising fuel 
prices and lowering of prices of primary magnesium metal induced huge demand from 
automobile industry. A recent industrial review revealed that there are sixty different 
types of components, from instrument panels to engine components, in which 
magnesium is used or is being developed for use. The use of magnesium in automobile 
parts is predicted to increase globally at an average rate of 15 percent per year. This 
growing requirements of high specific mechanical properties with weight savings has 
fueled significant research activities in recent times targeted primarily for further 
development of magnesium based composite materials [7-50]. 
The word Composite Materials in advanced materials science and technology 
has been coined to give dignity and renewed impetus to a very old yet simple idea: 
putting dissimilar materials to work in coherence so as to achieve a new material 
whose properties are different in scale and kind from those of any of the constituents.  
Mixing of clay and straw as building material is an example of composite materials 
dates back to centuries BC.  The emergence of novel processing techniques coupled 
with the need for lighter materials with high specific mechanical properties in recent 
years, especially in automobile, aerospace, space, electronics and sports industries [1-
4, 47-49], has catalyzed considerable scientific and technological interest in the 
development of numerous high-performance composite or hybrid materials as serious 
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competitors to the traditional engineering alloys. The majority of such materials are 
metallic matrices such as aluminum and magnesium reinforced with high-strength, 
high-modulus and often brittle second phases, in the form of fibers, whiskers and 
particulates. The reinforced matrices offer potential for significant improvements in 
efficiency, reliability and mechanical performance over the traditional and newer 
generation monolithic alloys. The aligned continuous fiber reinforced composites offer 
very high directional properties such as high specific strength along the reinforcement 
direction [40-49]. Conversely, in applications where such extreme properties are not a 
requirement, the discontinuous metal-matrix composites consisting particulates, 
whiskers or nodules are preferred, because they offer substantially improved 
mechanical properties compared to the monolithic alloy and provide the additional 
advantage of being machinable and workable. In particular, the particulate-reinforced 
metal-matrix composites are attractive because they exhibit near isotropic properties 
when compared to the continuously reinforced counterparts, and are easier to process 
using standard metallurgical processing such as powder metallurgy, direct casting, 
rolling and extrusion [1, 7-8, 50-51]. The end properties of composite materials are 
governed by a number of factors such as types of processing, matrix constitution, type, 
size, volume fraction and morphology of the reinforcement. Among these factors, 
selection of stiffer and stronger reinforcement compatible with metallic matrix and 
type of processing to tailor a microstructure with near uniform distribution of 
reinforcement phase in the matrix with improved integrity at the matrix-reinforcement 
interfaces coupled with the minimal porosity is remained as most critical factors in 
realizing the best properties from the resultant composite. 
In recent years, significant improvement in many properties of magnesium 
has been achieved with the use of discontinuous reinforcement beyond the limits 
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dictated by traditional alloying. Although the use of these reinforcements leads to an 
improvement in strength characteristics of magnesium, the intrinsic limited ductility 
[52] worsens and restricts further the most needed formability of structural parts [1, 7-
34, 40-45]. However, some reports on simultaneous improvement in strength and 
ductility of magnesium using metastable nano-size precipitation [37-39, 53] provides 
the impetus to the selection of thermally stable and chemically compatible [54-55] 
nano-size oxide ceramic particulates i.e., Al2O3, Y2O3, and ZrO2.  Reacting metallic 
oxide ceramic, i.e., Al2O3, Y2O3, and ZrO2, promise ductile formulation and are easily 
available. They also exhibit high stiffness and high temperature mechanical properties 
[59, 60] which are even higher in nano-scale structure and excellent oxidation 
resistance. Search of open literature revealed only one attempt was made using nano-
size Al2O3, Y2O3, and ZrO2 as reinforcements [25].  However, no attempt is made so 
far to synthesize the Mg based nanocomposite reinforced with these particulates using 
solidification process like Disintegrated Melt Deposition (DMD) technique [56] or 
simple blend-press-sinter powder metallurgy (PM) technique and to study its effect on 
the microstructural and mechanical properties of pure magnesium. 
Accordingly, the primary aim of the present study was to synthesize 
magnesium based nanocomposites containing nano-size Al2O3, Y2O3, and ZrO2 
particulate reinforcements using DMD and blend-press-sinter PM techniques.  Primary 
processed nanocomposites were subsequently hot extruded and characterized for their 
microstructural and mechanical behaviors. Particular emphasis was placed to study the 
effect of primary processing and the presence of nano-sized oxide particulates as 
reinforcement on the microstructure and mechanical response of commercially pure 
magnesium matrix. Effect of length scale of reinforcement, from nanometer to 
micrometer, for the most potential oxide reinforcement was also investigated. 




















































Chapter 2: Literature Survey 
2.1 Introduction 
In recent years, applications of magnesium stretch from aerospace and 
automobile industries in replacement of aluminum and steel to electronic and computer 
industries in replacement of plastics [2]. It is the eighth most abundant element and 
estimated that about 1.93 mass percentage of earth’s crust consists of magnesium, and 
the oceans contain about 0.13 mass percentage of magnesium [3]. Magnesium has a 
density value of 1.74 gm/cm3, which is about two third of density of aluminum and 
one quarter of that of iron. Magnesium also exhibits high specific strength, good 
castability (also suitable for high pressure die casting), good machinability, good 
weldability under controlled atmosphere and is readily available in international 
market. Commercially used magnesium materials are mostly alloys with major 
alloying elements of manganese, aluminum, zinc, zirconium and rare earths [59]. 
Although magnesium as an element was discovered in 1808 by British Sir Humphrey 
Davy and isolated from its ore magnesium oxide in 1828 by French scientist Antoine 
Alexander Bussy, it took almost 100 years for magnesium to be applied in structural 
application and the World War II (1939-1944) [59] pushed the usage to its peak an 
estimated 320,000 tonnes in 1944 mainly in fighter aircraft. After the war was over the 
demand of magnesium fell sharply. The early 1990s are considered to be the 
renaissance for magnesium as a structural material due to environmental concerns, 
increasing safety and comfort levels, a significant improvement in the corrosion 
resistance of high purity magnesium alloys, rising fuel prices and lowering of prices of 
primary magnesium metal induced huge demand from automobile industry [1-2, 6, 
59]. A recent industrial review revealed that there are sixty different types of 
components, from instrument panels to engine components, in which magnesium is 
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used or is being developed for use and the use of magnesium in automobile parts is 
predicted to increase globally at an average rate of 15 percent per year [6]. Regulations 
on electromagnetic radiation limit also turned consumer electronics (like mobile 
phone, notebook and camera) producers to use magnesium due its good resistance to 
electromagnetic radiation [2]. 
Materials scientists and engineers around the globe are working round the 
clock to develop new materials and new processing routes to improve and replace the 
existing one and meet this surge in demand of advanced engineering and technological 
developments.  Major challenge in the development of magnesium based structural 
materials is to achieve improvement in strength without compromising the intrinsic 
limited ductility [52]. However, most widely reported second phase reinforcements, in 
general, deteriorate the intrinsic limited ductility of magnesium required for the most 
needed solid state formability of structural parts and remain one of the major concern 
in its fabrication and application in recent days, although strength improves 
significantly and at times even beyond the limit of traditional alloying [6-34, 40]. 
Interestingly it has been observed that extremely fine dispersed second phase 
reinforcements can cause simultaneous increase in strength and ductility in brittle 
metal matrix like magnesium [60] as has been reported in relation to the presence of 
metastable finer precipitation [37-39, 53] and eventually became the impetus for the 
selection of thermally stable, stiff and strong [57-58] Al2O3 Y2O3, and ZrO2 
particulates in this study. 
 
2.2 Reinforcement Particulates Selection 
Particulates are the most common and cheapest reinforcement materials that 
lead to isotopic properties in the end composite, a must for common structural 
applications. Selection of stiffer and stronger reinforcement compatible with metallic 
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matrix and type of processing to tailor a microstructure with near uniform distribution 
of reinforcement phase in the matrix with improved integrity at the matrix-
reinforcement interfaces coupled with the minimal porosity [7-8, 61] remain as most 
critical factors in realizing the best properties from the resultant composite. A wide 
range of materials mostly ceramics such as carbides, borides or oxides particulates has 
been used as reinforcement.  But the most widely investigated reinforcing ceramics 
with pure magnesium and commercial grade magnesium alloys, for example SiC 
particulates [1, 7-16, 40], has limited success due to the high brittleness in non-reacting 
ceramic-Mg formulations. 
The selection of reinforcement for a metal matrix composite is a careful 
process that must consider the physical and chemical properties of the base materials 
involved.  The physical problems of compatibility can often be associated with 
respective thermal and stress performance of the constituent materials.  The main 
consideration is that the metallic matrix material should possess sufficient 
characteristics (strength and ductility) so that it can ensure transfer of load to the 
reinforcement material with minimal discontinuities.  The thermal expansion 
properties are of significance because various stresses will be induced in one of the 
constituent materials depending upon operating temperature.  Chemical compatibility 
can be a far more complex consideration than physical compatibility.  The most 
important compatibility relates to the wetting and reaction of the reinforcement 
particulates and the matrix.  It is now widely accepted that in order to maximize 
interfacial bonding strength in metal matrix composites, it is necessary to promote 
wetting, control chemical reactions, and minimize oxide formation.  A measure of 
wettability can be obtained by measuring the contact angle (θ) (see Figure 2-1) formed 
between a solid reinforcement particulates and the molten matrix material.  The 
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equilibrium value of θ, used to define the wetting behavior of the liquid, obeys the 




σσθ −=cos                                                                      (1) 
Where, σra, σma, and σrm are the interfacial energies between reinforcement-
air, molten matrix-air and reinforcement-molten matrix, respectively.  The magnitude 
of the contact angle describes the wettability as θ = 00 for perfect wetting, θ = 1800 for 
no wetting, and 00 < θ <1800 for partial wetting.  However, in practice good wetting is 
achieved when θ <900, i.e., when σra > σma [8]. 
 
 







Figure 2.2.1: Schematic diagram showing contact angle formed between 
reinforcement, molten matrix and air phases. 
 
Wetting of reinforcement particulates by molten matrix can be improved by 
decreasing contact angle through: (a) increasing the surface energy of the solid, (b) 
decreasing the solid-liquid interfacial energy, and/or (c) decreasing the surface tension 
of the liquid metal. Generally, an improvement in wettability has been achieved using 
[62]: (i) metallic coating on the ceramic particulates, (ii) alloying of the metallic matrix 
with reactive materials, and (iii) heat-treating the ceramic particulates. 
Chemical coating, chemical vapor deposition, physical vapor deposition, and 
plasma spraying are the common methods of coating reinforcement particulates.  The 
application of metallic coatings, such as nickel and copper, to the ceramic particulates 
increases the overall surface energy of the particulates by altering the nature of the 
interface from metal-ceramic to metal-metal.  However, reacting oxide ceramics such 
as Al2O3 forms compound with metallic bond at the interface [54] and non-reacting 
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oxide ceramics such as Y2O3 and ZrO2 also has relatively good wettability in molten 
magnesium matrix [54-55] indicating their potential to increase the mechanical 
properties of the end composite. 
From a technological standpoint of property performance relationship, the 
interface between the matrix and the reinforcing phase is of primary importance.  
Processing of MMCs sometimes allows tailoring of the interface between the matrix 
and the reinforcement in order to meet property-performance requirements.  At times, 
some controlled amount of reaction at the interface may be desirable for obtaining 
strong bonding between the reinforcement and the matrix [61].  The formation of 
limited interfacial reaction product is sometimes favorable since the properties of the 
interface manifest themselves in two ways of: (a) the strength of the component bond, 
and, (b) the mechanical properties of a third component (interfacial reaction product). 
But if the reaction product grows to a sizeable portion, the strength generally decreases 
because fatal cracks may develop at this stage.   
 
2.3 Particulates Used In Magnesium-Based Composites 
2.3.1 Silicon Carbide (SiC) 
Micrometer size SiC particulates are the most widely and carefully studied 
reinforcement in magnesium based composites [1, 7-16, 24, 40] although there are 
some discrete report of nanometer size reinforcements also [24-25]. Magnesium and 
magnesium alloy composites with SiC particulates as reinforcement have been 
fabricated using different processing routes including solidification process, powder 
metallurgy, mechanical alloying and dry mixing followed by hot pressing and hot 
extrusion. The results revealed that composites with micrometer size SiC as 
reinforcements processed using different routes ended up with a better combination of 
mechanical properties when compared to the unreinforced matrix materials. The ability 
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of SiC particulates, for example, to increase the stiffness, specific strength at room and 
elevated temperature, dimensional stability, and damping capability has been 
convincingly established. However, presence of nanometer size SiC reinforcements in 
magnesium matrix deteriorate its room temperature strength properties.  
 
2.3.2 Yttria (Y2O3) 
Magnesium composite with yttria particulates as reinforcement has been 
fabricated using infiltration processing cum extrusion. Chemically pure and 
thermodynamic stable with molten and solid magnesium, yttria particulates have been 
used as reinforcement to improve the creep resistance of magnesium. Composites 
reinforced with 30-vol% of sub-micron size yttria have shown high creep resistance 
than other magnesium based alloys and composites in the testing temperatures between 
300°C to 450°C and also higher mechanical properties both in tensile and compressive 
mode [32-33]. Tensile loading causes failure in the elastic zone while compressive 
mode of loading leads to better combination of mechanical properties. 
 
2.3.3 Titanium Boride (TiB2)  
Titanium Boride (TiB2) particulates were used as reinforcement in blend-
press-sinter powder metallurgy processed magnesium based composite [19] to study 
the mechanical properties. TiB2 as reinforcement does not show any strengthening 
effect and even weakens the magnesium matrix.  
 
2.3.4 Zirconium Boride (ZrB2) 
Zirconium Boride (ZrB2) particulates were also used as reinforcement in 
blend-press-sinter powder metallurgy processed magnesium based composite [19]. 
Significant increase in yield strength of the matrix with increasing volume fraction was 
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achieved. However ductility of magnesium deteriorated due to the presence of ZrB2 
reinforcement. 
 
2.3.5 Titanium Carbide (TiC) 
Titanium carbide (TiC) particulates, from nanometer to micrometer size 
range, were used as reinforcement in magnesium matrix [19, 21-23]. Blend-press-
sinter powder metallurgy, traditional stir mixing, melt infiltration methods and in-situ 
techniques have been successfully applied for processing of these composite. 
Significant improvement in mechanical properties was reported. 
 
2.3.6 Boron Carbide (B4C)  
BB4C-reinforfced magnesium based composite fabricated using inert gas 
atomized powders showed improved mechanical properties when compared to those of 
similar composites made with ground powders. Purity of matrix alloy was found to 
have a great influence on tensile properties while compressive properties remain 
unaffected [26, 40]. 
 
2.3.7 Zirconia (ZrO2) 
Unverricht et al. [25] fabricated magnesium reinforced with nanometer ZrO2 
particulates using mechanical alloying method. Room temperature strength properties 
were found to deteriorate while ductility increased significantly. 
 
2.3.8 Alumina (Al2O3) 
Nanometer size Al2O3 particulates reinforced magnesium composite has been 
processed using the technique of mechanical alloying [25]. Nano Al2O3 reinforcement 
simultaneously improved both the room temperature strength and ductility of 
magnesium matrix. 
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2.3.9 Diamond (C) 
Need of high thermally conductive electronic packaging materials led to the 
development of the novel diamond particulates reinforced magnesium based composite 
with isotropic behavior including high thermal conductivity, low CTE, low density, 
and good mechanical properties. ZK60A alloy was used as the matrix material. An 
increase in CTE and decrease in thermal conductivity were experienced with increment 
in volume percentage of reinforcement.  35-volume percentage of diamond was 
remained as threshold amount for better bonding characteristics [34]. 
 
2.3.10 Copper (Cu)  
Copper particulates as reinforcement leads to a significant improvement in 
hardness, stiffness, 0.2% yield strength and UTS of cast magnesium matrix as have 
been reported [17]. The ductility of the magnesium matrix was found to adversely 
affect with the presence of copper.  
 
2.3.11 Nickel (Ni)  
Magnesium composites with elemental nickel particulates as reinforcement 
have been fabricated using solidification route [18]. They showed significant 
improvement in dimensional stability, hardness and stiffness, 0.2% yield strength and 
ultimate tensile strength of magnesium matrix but ductility was adversely affected. 
 
2.3.12 Titanium (Ti)  
Simultaneous improvement in room temperature strength properties and 
ductility has been reported for titanium reinforced magnesium based composites [20, 
36], processed using both solidification and powder metallurgy routes. Improvement in 
physical property like dimensional stability also has been reported.  
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2.4 Fabrication Methods of Magnesium Based MMCs 
Fabrication methods for the production of MMCs have been revived recently 
as one of the thrust areas of composite technology.  The selection of the processing 
technique is very important since the resultant microstructural features are highly 
influenced by the processing parameters.  Even for the materials with same 
constitution, different processing technique results in materials with different physical 
and mechanical properties [7, 14].  The fabrication techniques for MMCs depend very 
much upon the choice of reinforcement and the matrix.  There are numerous 
techniques available for processing MMC materials.  These can be broadly classified 
as conventional and non-conventional techniques. 
Conventional processing techniques can be further classified as liquid-phase, 
solid-phase and two-phase processes [7-36, 47-51, 62-63].  Liquid-phase methods are 
cost effective but suspected to have their limitations due to the restricted incorporation 
of ceramic particulates in metallic melts and existence of coarser microstructural 
features, which in turn result in the inferior properties of the components.  The solid-
phase processes usually produce materials with superior properties but find restricted 
application due to high cost and dimensional limitation of the component, which can 
be manufactured.  Two-phase processes are technically innovative and can produce 
bulk materials with superior properties but only limited information is available 
regarding the processing parameters and microstructural characteristics of such 
materials.  Non-conventional processing techniques like rapid solidification processing 
[65] is not reported for magnesium based metal matrix composites.  
 
2.4.1 Liquid-Phase Processes 
Liquid phase fabrication techniques can be classified into: (a) conventional 
casting, (b) infiltration processes, (c) squeeze casting, and (d) in-situ processes. 
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2.4.1.1 Conventional Casting 
Conventional casting involves superheating the metallic matrix in the molten 
range of the phase diagram followed by subsequent addition of reinforcement 
particulates. The slurry thus obtained is cast into the sand/metallic mold.  The method 
of particulate introduction and mixing with the matrix melt is one of the most 
important aspects of the casting process. However, since most of the ceramic materials 
have poor wetting by the molten metallic alloys, either surface modification of ceramic 
particulates by metallic coating or heat treatment, or addition of wetting agents to the 
melt is necessary for introduction and retention of the reinforcement in the matrix melt 
[62].  There are a number of techniques for incorporating the reinforcement 
particulates in matrix melt and includes: 
a) Injection of particulates entrained in an inert carrier gas into the melt with the 
help of an injection gun. The particulates mix into the melt as the bubbles 
ascend through the melt. 
b) Addition of particulates into the molten stream as it fills the mold. 
c) Addition of particulates into the melt via a vortex introduced by mechanical 
agitation. 
d) Addition of small briquettes, co-pressed aggregates of matrix alloy powder 
and reinforcement particulates, into the melts followed by stirring. 
e) Dispersion of the fine particulates in the melt using centrifugal acceleration. 
f) Pushing the particulates into the melt using reciprocating rods. 
g) Injection of the particulates into the melt while the melt is continuously 
irradiated with high intensity ultrasound. 
h) Zero-gravity processing, which involves utilizing a synergism of ultra-high 
vacuum and elevated temperature for prolonged periods of time. 
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Settling of reinforcement particulates is one of the major problems 
encountered during the casting of MMCs. This arises as a result of density differences 
between reinforcement particulates and the matrix melt. The reinforcement distribution 
is influenced during several stages as: (i) distribution in the molten matrix during 
mixing, (ii) distribution in the melt after mixing and prior to solidification, and (iii) 
redistribution as a result of solidification.  Some of the major factors affecting the 
particulates settlement are the design of mechanical stirrer (used during melt 
preparation or holding period), the stirring conditions, melt temperature, and type, 
amount and the nature of reinforcement. 
 
2.4.1.2 Infiltration Processes 
Infiltration processes [22, 32, 49, 62, 66] involve holding a porous body of the 
reinforcing phase within a mold and infiltrating it with the molten metal that flows 
through the interstices to fill the pores and produce a composite.  Infiltration processes 
can be subdivided into two categories: pressureless infiltration and pressure assisted 
infiltration.  In the pressureless infiltration process, the liquid metal infiltrates a porous 
preform of reinforcement without the aid of external pressure or vacuum.  This process 
is also known as spontaneous infiltration.  Porosity level is main concern of the 
processed materials. 
In pressure assisted infiltration processes, an external force is applied to the 
molten metal.  The pressure can be applied by a gas or mechanically or by vacuum.  A 
composite produced by this method generally feature a pore free matrix.  However, 
application of pressure may induce preform deformation or breakage during 
infiltration.  Other forces like ultrasonic vibration, centrifugal force and 
electromagnetic (Lorentz) force can also be used to force liquid metal into non-wetting 
reinforcement preforms. This process does not provide rapid cooling of the molten 
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metal upon infiltration.  Thus, in general the reaction between the reinforcement and 
the matrix is invariably more than what is desirable.  This leads to degradation of the 
reinforcement and generally poor strength of the composites. 
 
2.4.1.3 Squeeze Casting 
Squeeze casting or liquid forging of MMCs involves unidirectional pressure 
application (70-200 MPa) on molten slurry or on fiber preforms or powder beds by 
alloy melts to produce void free, near net-shape castings of composites.  This process 
is widely used in the fabrication of fiber or whisker reinforced MMCs. The processing 
variables governing evolution of microstructures in squeeze cast MMCs are: (a) 
reinforcement and melt preheat temperature, (b) infiltration speed and pressure, and (c) 
inter-fiber/particle spacing.  If the melt temperature is too low, poorly infiltrated or 
porous castings are produced and high temperatures promote excessive 
reinforcement/melt reaction leading to degradation of casting properties.  A threshold 
pressure is required to initiate liquid metal flow through a fibrous preform or 
powderbed to overcome the viscous friction of molten metal moving through the 
reinforcements.  In the case of discontinuously reinforced MMCs, whiskers or particles 
may be mixed with molten metal prior to squeeze casting [67-68].  Squeeze cast 
composites have superior mechanical properties when compared to those formed by 
infiltration processes due to the better solidification conditions achieved in this process 
[47].  High pressures can virtually eliminate solidification shrinkage, gas porosities, 
and interfacial microvoids and establish a good fiber-matrix bond.  However, the high 
tonnage press, heavy and costly dies, and possibility of deformation and breakage of 
the preform under high squeeze pressures are some of the disadvantages of squeeze 
casting [62]. 
 
Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan 15
Literature Survey 
2.4.1.4 In-Situ Processes 
In-situ processes involve the synthesis of composites such that desirable 
reinforcement(s), matrices and interfaces are formed during the processing.  This can 
be achieved through gas-liquid, liquid-liquid and solid-liquid displacement reactions 
based on phase diagram principles [23, 48-49, 67].  The successful synthesis of in-situ 
composites involves a good understanding of thermodynamics and reaction kinetics in 
order to obtain the desirable end product.  The composites synthesized using in-situ 
techniques exhibit the presence of a uniform distribution of reinforcement that tends to 
be fine and associated with a clean interface with the metallic matrix. 
 
2.4.2 Solid-Phase Processes 
Solid-state processes are generally used to obtain the highest mechanical 
properties in MMCs, because segregation effects and brittle interfacial reaction product 
formation are at a minimum for these processes.  Powder metallurgy method [7, 14-15, 
19-20, 25-26, 29-31, 35] is the main solid-sate processes in use for magnesium based 
metal-ceramic and metal-metal discontinuously reinforced composites.  In this method, 
after blending the reinforcement and matrix powder, cold isostatic pressing is utilized 
to obtain a green compact, which is then thoroughly outgassed and forged or extruded.  
In some cases, hot isostatic pressing of the powder blend is required, prior to which 
complete outgassing is essential.  The main difficulty in these processes is the removal 
of the binder used to hold the powder particles together. The residue of the binder 
often causes deterioration of the mechanical properties of the composites [48-49]. 
 
2.4.3 Two-Phase Processes 
Two-phase processing of composites includes: (a) spray forming, (b) 
disintegrated melt deposition, and (c) compocasting. 
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2.4.3.1 Spray Forming 
Spray-forming techniques are used to fabricate both fiber and particulate 
reinforced composites [1, 8, 48-49].  In the case of particulate reinforced composites, 
spray forming involves injecting solid reinforcement particles into a spray of the 
molten matrix alloy, followed by deposition of the mixture onto a cold substrate.  In 
the case of fiber composites, fibers are wound on a mandrel and metal is sprayed onto 
fibers while the mandrel simultaneously rotates and translates.  The solidification 
process is rapid owing to the high cooling rates often within the order of 103 - 106 Ks-1. 
 
2.4.3.2 Disintegrated Melt Deposition (DMD) 
Among the solidification processing routes, the disintegrated melt 
deposition [56] remains an attractive choice due to its capability of bringing together 
the advantages of spray processing and conventional casting. DMD exploits the cost 
effectiveness of conventional foundry process and the scientific innovativeness and 
technical potential associated with spray process. Unlike spray process, the DMD 
technique employs higher superheat temperatures and lower impinging gas jet 
velocity with the end product being only bulk composite materials. Different 
formulations of light weight structural materials (aluminum and magnesium based 
and reinforced with particulates ranging from metallic to ceramic) were reported to 




Compocasting refers to the casting of composites using semisolid alloys 
(rheoslurry with a temperature between solidus and liquidus) [7, 13, 48, 62].  In this 
method, liquid alloy at a temperature 30 to 50 K above liquidus is vigorously agitated 
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and allowed to slowly cool to the semisolid range.  The continued agitation breaks up 
the solidifying dendrites into fine spheroidal particles and prevents a rise in viscosity 
of the slurry.  While the stirring continues, reinforcement particles or whiskers or 
chopped fibers are added to the semisolid slurry.  The composite mixture, with a 
relatively low viscosity, can be directly cast into a simple billet (termed as “rheocast 
composite”) and the process is known as rheocasting.  Alternatively, the semisolid 
composite mixture can be reheated to just above liquidus and die-cast into net-shape 
components; this process is termed compocasting. 
 
2.5 Summary 
As per the literature survey carried out it was found that, significant 
improvement in many properties of magnesium has been achieved with the use of 
discontinuous reinforcement beyond the limits dictated by traditional alloying. 
Although the use of these reinforcements leads to an improvement in strength 
characteristics of magnesium, the intrinsic limited ductility worsens and restricts further 
the most needed formability of structural parts. However, some reports on simultaneous 
improvement of both the specific mechanical properties and ductility of magnesium 
using metastable nano-size precipitation provides the impetus to the selection of 
thermally stable and chemically compatible nano-size oxide ceramic particulates i.e., 
Al2O3, Y2O3, and ZrO2. Reacting metallic oxide ceramic such as Al2O3, Y2O3, and 
ZrO2, promise ductile formulation and are easily available. They also exhibit high 
stiffness, superior high temperature mechanical properties which are even higher in 
nano-scale structure and excellent oxidation resistance [59, 60]. Literature search 
showed only one discrete effort have been made so far to assess the feasibility of using 
stronger and stiffer nano-size oxide ceramic particulate reinforcements to improve the 
properties of pure magnesium with extremely limited details [25]. It further indicates 
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that neither any attempt has been made to study the potential of nanometer size oxide 
ceramics particulates (i.e., Al2O3, Y2O3, and ZrO2) reinforcements in magnesium 
matrix nor the feasibility of fabrication of these nanocomposites using the cost effective 
innovative solidification processing route commonly termed as disintegrated melt 
deposition and blend-press-sinter powder metallurgy  technique. 
Accordingly, the primary aim of the present study was to synthesize 
magnesium based nanocomposites with nano-size Al2O3, Y2O3, and ZrO2 particulate 
reinforcements using disintegrated melt deposition and blend-press-sinter powder 
metallurgy technique.  Obtained composites were hot extruded and characterized for 
their microstructural characteristics and mechanical properties. Particular emphasis 
was placed to study the effect of primary processing and the presence of nano-sized 
oxide particulates as reinforcement on the microstructure and mechanical response of 
commercially pure magnesium matrix. Effect of length scale of reinforcement for the 
most effective reinforcement was also investigated. 
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Chapter 3: Materials and Methods 
3.1 Overview 
In this study, base material was pure magnesium.  Nano-size oxide ceramic 
particulates Al2O3, Y2O3 and ZrO2 were used in the first part of the study to find the 
most effective reinforcement. Submicron and micron size Al2O3 were used at the 
second part of the study to find most effective size of the initially found most potential 
oxide ceramic reinforcement. Three different volume percentages i.e., 0.22, 0.66 and 
1.11 were chosen in the cases of nano-size different types reinforcements and volume 
percentages of 0.66, 1.11 and 2.49 were chosen for the submicron and micron size 
Al2O3 particulates to study the most effective size of this most potential oxide ceramic.  
All the materials were processed using both liquid metallurgy and powder metallurgy 
processes.  Ingot metallurgy route processing was Disintegrated Melt Deposition 
(DMD) technique and powder metallurgy route consists of blend-press-sinter 
technique. Materials processed in both routes were followed by hot extrusion for 
characterization of their microstructural, physical and mechanical properties. 
 
3.2 Materials 
Magnesium, the base material, was used in turning form with >99.9% purity 
(supplied by ACROS Organics, New Jersey, USA) in DMD technique processed 
materials and in particulate form with ≥98.5% purity and size range of 60-300μm 
(supplied by Merck, Germany) in blend-press-sinter powder metallurgy processed. 
Nano-size ceramic oxide particulates reinforcements used were Al2O3 (average size of 
50-nm, supplied by Baikowski, Japan), Y2O3 and ZrO2 (average size of 29-nm and 29-
68-nm, respectively, supplied by Nanostructured & Amorphous Materials Inc., USA). 
Al2O3 particulates with average size of 0.3-µm and 1.0-µm (supplied by Baikowski, 
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Japan) were used to study the most effective size of the initially found reinforcement. 
To study the most effective reinforcements three different volume percentages (i.e., 
0.22, 0.66 and 1.11) were chosen for all the three different types of nano-size 
reinforcements. Again, three different volume percentages (i.e., 0.66, 1.11 and 2.49) 
were chosen for the submicron and micron size Al B2 BOB3 B particulates to study the most 
effective size of this initially found most potential reinforcement. 
 
3.3 Primary Processing 
3.3.1 Disintegrated Melt Deposition Technique 
The monolithic magnesium and magnesium-based composite materials were 
synthesized using DMD technique. DMD technique for composites with different 
volume percentages of reinforcement involved melting and superheating the 
magnesium turnings with reinforcement particulates to 750°C under inert Ar gas 
atmosphere in a graphite crucible.  Superheated slurry was stirred at 460-rpm for 2.5 
minutes using a zirtex coated twin blade (pitch 45°) stirrer to facilitate the 
incorporation and uniform distribution of reinforcement particulates in the metallic 
melt.  The melt was then released through an orifice at the base of the crucible and 
disintegrated by two jets of argon gas, orientated normal to the melt stream, and 
subsequently deposited onto a metallic substrate located 500 mm from the 
disintegration point.  Ingot of 40 mm diameter was obtained following the deposition 
stage.  The synthesis of monolithic magnesium was carried out using similar steps 
except that no reinforcement particulates were added. The deposited monolithic and 
reinforced magnesium ingots were machined to a diameter of 35-mm and cut into 40-
mm billets. The schematic diagram of DMD technique is shown in Figure 3.3.1. 
 









































Figure 3.3.1: Schematic diagram of Disintegrated Melt Deposition technique. 
 
3.3.2 Blend-Press-Sinter Powder Metallurgy Technique 
The monolithic magnesium and magnesium-based composite materials were 
synthesized using blend-press-sinter powder metallurgy technique according to the 
following procedure. Particulates of magnesium matrix and reinforcement were mixed 
in a V-blender for 6-hours (total processing time was 12-hour with 15-min run and 15-
min pause of the blender) followed by compaction in a 150-ton press to billet with 
35mm diameter and ~40mm length. The compacted billets were coated with colloidal 
graphite, wrapped in aluminum foil and sintered in tube furnace at 500°C for 2-hours 
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under argon atmosphere. The synthesis of monolithic magnesium was carried out using 
similar steps except that no reinforcement particulates were added.   
 
3.4 Extrusion 
Billets from both the DMD and powder metallurgy processed materials were 
extruded using an extrusion ratio of 20.25:1 on a 150-ton hydraulic press.  Extrusion 
temperatures were used as 250°C for all materials.  The billets were heated at a 
constant temperature of 300°C for 90 minutes in furnace before extrusion.  Colloidal 
graphite was used as lubricant.  Rods of 8 mm diameter were obtained following 
extrusion. 
 
3.5 Density Measurement 
Density (ρ) measurements were performed on polished samples of monolithic 
and the composites taken from the extruded rods.  This was carried out in accordance 
with Archimedes’ principle [9].  Distilled water was used as the immersion fluid.  The 
samples were weighed using an A&D ER-182A electronic balance, with an accuracy 
of ± 0.0001g. Theoretical densities of materials were calculated assuming they are 
fully-dense and there is no reinforcement/magnesium interfacial reaction to measure 
the volume percentage of porosity in the end materials. Rule-of-Mixture was used in 
both of the calculations. 
 
3.6 Microstructural Characterization 
Microstructural characterization studies were conducted on metallographically 
polished extruded composites samples to investigate reinforcement distribution, 
interfacial integrity between the matrix and reinforcement and morphological 
characteristics of grains. Reinforcements distribution and their interfacial integrity with 
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matrix were studied using HITACHI 4500 Field Emission Scanning Electron 
Microscope (FESEM) and Philips Dual Beam Scanning Electron Microscope (Quanta 
3D) in the cases of nanocomposites and JEOL JSM-5800LV Scanning Electron 
Microscope (SEM) in the cases of composites with submicron and micrometer 
reinforcements.  OLYMPUS metallographic microscope was used to study the grain 
morphology of the composite samples. Image analysis using the Scion system was 
carried out to determine the grain size of the materials. 
 
3.7 Mechanical Characterization 
Mechanical characterization was conducted by carrying out hardness tests 
(macrohardness as well as microhardness) and tensile test. 
 
3.7.1 Macrohardness 
Rockwell 15T superficial scale was used for macrohardness measurement in 
accordance with ASTM E18-94 standard using a Rockwell hardness tester (Model FR-
3) developed by Future-Tech Corporation, Japan.  Monolithic and reinforced 
magnesium specimens were mirror polished prior to the test. 
 
3.7.2 Microhardness 
The microhardness tests were conducted on the metallograpically polished 
monolithic and reinforced magnesium specimens using a digital microhardness tester 
(Model MXT 50) developed by Matsuzawa Japan.  Microhardness measurements were 
carried out using a pyramidal diamond intender with a facing angle of 136° employing 
an indenting load of 25gf and a dwell time of 15 seconds. 
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3.7.3 Tensile Test 
The smooth bar tensile properties of the extruded Mg and composites samples 
were determined in accordance with ASTM test method E8M-01 using Instron 8516 
machine with a crosshead speed set at 0.254 mm/min on round tension test specimens 
of 5 mm diameter and 25 mm gauge length. Instron 2630-100 Series Clip-On type 
extensometer was used for strain recording. 
 
3.7.4 Fractography 
Fracture surface studies were carried out on the fractured tensile specimens of 
monolithic and composite materials to provide an insight into the various possible 
fracture mechanisms operating during the tensile loading of the samples.  These studies 
were accomplished using a JEOL JSM-5800LV Scanning Electron Microscope (SEM). 





















































Chapter 4: Results 
4.1 DMD Processed nano-Al2O3 Reinforced Composites 
4.1.1 Macrostructure 
The result of macrostructural characterization conducted on the as deposited 
monolithic and reinforced materials did not reveal any presence of macropores or 
shrinkage cavity. Following extrusion, there was also no evidence of any 
macrostructural defects. 
 
4.1.2 Density Measurement 
The results of density measurements conducted on extruded Mg and 
Mg/Al2O3 nanocomposite samples are shown in Table 4.1.1. The results indicate that 
near dense materials can be obtained using the fabrication methodology adopted in the 
present study. 
 
4.1.3 Microstructural Characterization 
Microstructural studies conducted on the extruded composite specimens 
showed uniform reinforcement distribution (see Figure 4.1.1a) with good 
reinforcement-matrix interfacial integrity, and significant grain refinement (see Figures 
4.1.1b & c and Table 4.1.1). Observation also revealed minimal presence of porosity in 
composite material. 
 
Table 4.1.1: Results of density, porosity and grain morphology characterization of 
DMD processed Mg/Al2O3 nanocomposites. 
Density (gm/cm3) Grains morphology Materials Al2O3
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio
Mg/0.00Al2O3 0.0 1.7400 1.7397 ± 0.0009 0.02 49 ± 8 1.5 ± 0.4 
Mg/0.22Al2O3 0.5 1.7449 1.7436 ± 0.0029 0.07 11 ± 3 1.9 ± 0.7 
Mg/0.66Al2O3 1.5 1.7548 1.7476 ± 0.0038 0.44 14 ± 4 1.6 ± 0.4 
Mg/1.11Al2O3 2.5 1.7647 1.7623 ± 0.0019 0.14 14 ± 2 1.7 ± 0.5 
 
 

















Figure 4.1.1: Representative micrographs showing: nano-Al2O3 reinforcement 
distribution in the case of Mg/1.11Al2O3 nanocomposite (using 
FESEM) in (a) and grain morphology for Mg and Mg/1.11Al2O3 in (b) 
& (c), respectively. 
 
4.1.4 Mechanical Properties 
The results of the mechanical properties measurements conducted on extruded 
Mg and Mg/Al2O3 nanocomposites specimens showed increasing hardness, 0.2%YS, 
UTS, ductility  and work of fracture (see Tables 4.1.2 & 4.1.3) of magnesium with an 
increase in volume percentage of nano-Al2O3 particulates. 
 












Mg/0.00Al2O3 37 ± 1 40 ± 0 97 ± 2 173 ± 1 7.4 ± 0.2 
Mg/0.22Al2O3 49 ± 1 51 ± 1 146 ± 5 207 ± 11 8.0 ± 2.3 
Mg/0.66Al2O3 55 ± 0 56 ± 1 170 ± 4 229 ± 2 12.4 ± 2.1
Mg/1.11Al2O3 65 ± 1 66 ± 1 175 ± 3 246 ± 3 14.0 ± 2.4
Pure Mg [69] - - 69-105 165-205 5-8 
Mg/9.3SiC [9] - - 120 ± 5 181 ± 6 4.7 ± 1.3 
50 micron
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Table 4.1.3: Specific strength and work of fracture of DMD processed Mg/Al2O3 
nanocomposites. 
a Determined from engineering stress–strain diagram using EXCEL software. 






Mg/0.0Al2O3 11.1 ± 0.3 56 99 
Mg/0.22Al2O3 23.2 ± 11.7 84 119 
Mg/0.66Al2O3 30.0 ± 3.2 97 131 
Mg/1.11Al2O3 31.7 ± 6.3 99 140 
Mg/9.3SiC [9] 8.8 ± 2.0 65b 98b
b Density given was 1.850 gm/cm3. 
 
 
Study of the fracture surface of fractures tensile samples revealed that the 
brittle-ductile like features of magnesium matrix in fracture surface was refined in size 
and the indication of nonbasal slip system activation were observed in nanocomposite 
matrix due to the presence of nano-Al2O3 (see Figures 4.1.2 and 4.1.3). 
    (a)      (b) 
(c)      (d) 
 
Figure 4.1.2: Representative SEM fractographs showing brittle-ductile like features in 
the cases of: (a) & (b) unreinforced Mg and (c) & (d) 1.11-volume 
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  (a)      (b) 
Figure 4.1.3: Representative SEM fractographs showing: (a) straight lines due to slip 
in the basal plane in Mg, (b) uneven lines supposedly due to combined 
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4.2 PM Processed nano-Al2O3 Reinforced Composites 
4.2.1 Macrostructure 
The result of macrostructural characterization of compacted and sintered 
billets and the extruded rods from the billets of Mg and Mg/Al2O3 nanocomposites did 
not reveal any macrostructural defects. 
 
4.2.2 Density Measurement 
The results of density measurements conducted on extruded Mg and 
Mg/Al2O3 nanocomposites samples are shown in Table 4.2.1. The results indicate that 
near dense materials can be obtained using the fabrication methodology adopted in the 
present study. 
 
4.2.3 Microstructural Characterization 
Microstructural studies conducted on the extruded composite specimens 
showed uniform reinforcement distribution (see Figure 4.2.1a). Nano-Al2O3 also 
significantly refined grains of magnesium matrix (see Figure 4.2.1b & 4.2.1c and 
Table 4.2.1) when added in higher volume percentage (1.11-vol %). Observations also 
revealed minimal presence of porosity in composite materials.  
 
Table 4.2.1: Results of density, porosity and grain morphology characterization of PM 
processed Mg/Al2O3 nanocomposites. 
Density (gm/cm3) Grains morphology Materials Al2O3
 
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio
Mg/0.00Al2O3 0.0 1.7400 1.7387 ± 0.0022 0.08 60 ± 10 1.6 ± 0.3 
Mg/0.22Al2O3 0.5 1.7449 1.7421 ± 0.0078 0.16 61 ± 18 1.8 ± 0.6 
Mg/0.66Al2O3 1.5 1.7548 1.7501 ± 0.0026 0.27 63 ± 16 1.7 ± 0.4 































Figure 4.2.1: Representative micrographs showing: nano-Al2O3 reinforcement 
distribution in Mg/1.11Al2O3 sample (using Quanta 3D) in (a) and 
grain morphology for Mg and Mg/1.11Al2O3 in (b) & (c), respectively. 
 
4.2.4 Mechanical Properties 
Results of the mechanical properties measurements conducted on extruded 
Mg and Mg/Al2O3 specimens showed significant improvement in hardness, 0.2%YS, 
and UTS with the progressive addition of nano-Al2O3 (see Table 4.2.2). Ductility and 
work of fracture (see Tables 4.2.2 & 4.2.3), however, peaked at 0.66-vol% of Al2O3.  
 













Mg/0.00Al2O3 43 ± 0 37 ± 0 132 ± 7 193 ± 2 4.2 ± 0.1 
Mg/0.22Al2O3 51 ± 0 44 ± 0 169 ± 4 232 ± 4 6.5 ± 2.0 
Mg/0.66Al2O3 56 ± 0 50 ± 1 191 ± 2 247 ± 2 8.8 ± 1.6 
Mg/1.11Al2O3 60 ± 1 70 ± 0 194 ± 5 250 ± 3 6. 9 ± 1.0
AZ91/9.4SiC[7] - - 191 236 2 
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Table 4.2.3: Specific strength and work of fracture of PM processed Mg/Al2O3 
nanocomposites. 
a Determined from engineering stress–strain diagram using EXCEL software. 




σUTS/ρ   
(kN-m/kg) 
Mg/0.0Al2O3 7.1 ± 0.3 76 111 
Mg/0.22Al2O3 13.5 ± 4.5 97 133 
Mg/0.66Al2O3 19.9 ± 3.9 109 141 
Mg/1.1Al2O3 15.5 ± 2.6 110 142 
AZ91/9.4SiC[7] - 102b 126b
b Theoretical density is 1.8782 gm/cm3 assuming zero porosity. 
 
Fracture behavior of the Mg matrix found to be combination of brittle and 
ductile like features and was refined in the cases of Mg/Al2O3 nanocomposites due to 
the presence of nano-Al2O3 reinforcements (see Figure 4.2.2). 
  (a)      (b) 
(c)       
 
Figure 4.2.2: Representative SEM fractographs showing brittle-ductile like features in 
 
 (d) 
the cases of: (a) & (b) unreinforced Mg, and (c) & (d) 0.66-volume 
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4.3 DMD Processed nano-Y2O3 Reinforced Composites 
4.3.1 Macrostructure 
The result of macrostructural characterization conducted on the as deposited 
monolithic and reinforced materials did not reveal any presence of macropores or 
shrinkage cavity. Following extrusion, there was also no evidence of any 
macrostructural defects.  
 
4.3.2 ensity Measurement 
The results of density measurements conducted on extruded Mg and Mg/Y2O3 
nanocomposite samples are shown in Table 4.3.1. The results indicate that near dense 
materials can be obtained using the fabrication methodology adopted in the present 
study.  
Table 4.3.1: Results of density, porosity and grain morphology characterization of 
 
4.3.3 icrostructural Characterization 
Microstructural studies conducted on the extruded composite specimens 
showed uniform reinforcement distribution (see Figure 4.3.1a) with good 
reinforcement-matrix interfacial integrity, and significant grain refinement (see Figures 







DMD processed Mg/Y2O3 nanocomposites. 





(wt%) retical Experimental (%) ze (µm) Aspect ratio
Mg/0.00Y2O3 1
 
0.0 1.7400 .7397 ± 0.0009 0.02 49 ± 8 1.5 ± 0.4 
Mg/0.22Y2O3 0.6 1.7472 1.7472 ± 0.0029 0.00 10 ± 1 1.4 ± 0.6 
Mg/0.66Y2O3 1.9 1.7616 1.7598 ± 0.0015 0.10 6 ± 1 1.5 ± 0.3 
Mg/1.11Y2O3 3.1 1.7763 1.7730 ± 0.0036 0.19 6 ± 2 1.5 ± 0.3 
M




















Figure 4.3.1: Representative micrographs showing: nano-Y2O3 reinforcement 
distribution in the case of Mg/1.11Y2O3 nanocomposite (using 
FESEM) in (a) and grain morphology for Mg and Mg/0.66Y2O3 in (b) 
& (c), respectively. 
 
4.3.4 echanical Properties 
Mg and Mg/Y2O
TS, and work of fracture (see Tables 4.3.2 & 4.3.3) of magnesium with an increase in 
volume percentage of nano-Y2O3 particulates. However, ductility increased only in the 
case of Mg/0.22Y2O3 nanocomposite  
Table 4.3.2: Results of room temperature mechanical properties of DMD processed 





     (c) 
M
The results of the mechanical properties measurements conducted on extruded 
3 nanocomposites specimens showed increasing hardness, 0.2%YS, 
U
Mg/Y2O3 nanocomposites. 
Materials (HR15T) (HV) (MPa) (MPa) (%) 
Mg/0.00Y2O3 37 ± 1 40 ± 0 97 ± 2 173 ± 1 7.4 ± 0.2 
Mg/0.22Y2O3 56 ± 1 51 ± 0 218 ± 2 277 ± 5 12.7 ± 1.3
Mg/1.11Y2
Pure Mg [69] - - 69-105 165-205 5-8 
Mg/9.3SiC [9] - - 120 ± 5 181 ± 6 4.7 ± 1.3 
Mg/0.66Y2O3 58 ± 0 56 ± 0 312 ± 4 318 ± 2 6.9 ± 1.6 
O3 49 ± 0 52 ± 1 -  205 ± 3 1.7 ± 0.5 
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Fracture e t like features, was refined 
 the pre  nano-si  particulates (see Figure 4.3.2). However, 
f 1.11  percentage of Y2O3 particulates s  
e inter  nature ( re 4.3.2d
 
igure 4.3.2:  like features in 
/1.11Y2O3 (d), respectively.  
 
T : Specific rk of f MD pro 2O3 
nanocompos
b Density given was 1.850 gm/cm3. 
 
Wo re σ0. ρ  
(kN g) 
σ    
(kN g) 
 behavior of th  Mg matrix, bri tle-ductile 
in size due to sence of ze Y2O3
the presence o -volume transform the matrix
failure to brittl granular see Figu ). 
  (a)        (b) 
  (c)       (d) 
Representative SEM fractographs showing: brittle-ductileF
unreinforced Mg (a) and (b) & (c) in Mg/0.22Y2O3, and intergranular 
microcracks in Mg
able 4.3.3  strength and wo
tes. 
racture of D cessed Mg/Y
i






Mg/0.0Y2O3 11.1 ± 0.3 56 99 
Mg/0.22Y2O3 29.6 ± 3.5 125 
177 
159 
181 Mg/0.66Y O2 3 18.2 ± 4.7 
Mg/1.11Y2O3 1.9 ± 0.7 - 116 
Mg/9.3SiC [9] 8.8 ± 2.0 65b 98b
a Determined from engineering stress–strain diagram using EXCEL software. 
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4.4 PM Processed nano-Y2O3 Reinforced Composites 
4.4.1 Macrostructure 
The result of macrostructural characterization of compacted and sintered 
billets and the extruded rods from the billets of Mg and Mg/Y2O3 nanocomposites did 
not reveal any macrostructural defects.  
 
4.4.2 Density Measurement 
The results of density measurements conducted on extruded Mg and Mg/Y2O3 
nanocomposite samples are shown in Table 4.4.1. The results indicate that near dense 
materials can be obtained using the fabrication methodology adopted in the present 
study.  
Table 4.4.1: Results of density, porosity and grain morphology characterization of PM 
processed Mg/Y2O3 nanocomposites. 
Density (gm/cm3) Grains morphology Materials Y2O3
 
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio
Mg/0.00Y2O3 0.0 1.7400 1.7387 ± 0.0022 0.08 60 ± 10 1.6 ± 0.3 
Mg/0.22Y2O3 0.6 1.7472 1.7455 ± 0.0016 0.10 25 ± 3 1.3 ± 0.6 
Mg/0.66Y2O3 1.9 1.7616 1.7555 ± 0.0055 0.35 13 ± 2 1.5 ± 0.3 
Mg/1.11Y2O3 3.1 1.7763 1.7675 ± 0.0046 0.49 12 ± 3 1.6 ± 0.4 
 
4.4.3 Microstructural Characterization 
Microstructural studies conducted on the extruded composite specimens 
showed uniform reinforcement distribution (see Figure 4.4.1a) with good 
reinforcement-matrix interfacial integrity, and significant grain refinement with 
increasing presence of reinforcement (see Figures 4.4.1b & c and Table 4.4.1). 
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Figure 4.4.1: Representative micrographs showing: nano-Y2O3 reinforcement 
distribution in the case of Mg/1.11Y2O3 nanocomposite (using 
FESEM) in (a) and grain morphology for Mg and Mg/0.22Y2O3 in (b) 
& (c), respectively. 
 
4.4.4 Mechanical Properties 
The results of the mechanical properties measurements conducted on extruded 
Mg and Mg/Y2O3 nanocomposites specimens showed marginal increase in hardness, 
0.2%YS, and UTS but significant increase in ductility  and work of fracture (see 
Tables 4.4.2 & 4.4.3) of magnesium with an increase in volume percentage of nano-
Y2O3 particulates.  
 










Ductility Materials (%) 
Mg/0.00Y2O3 43 ± 0 37 ± 0 132 ± 7 193 ± 2 4.2 ± 0.1 
Mg/0.22Y2O3 44 ± 1 38 ± 0 156 ± 1 211 ± 1 15.8 ± 0.7
Mg/0.66Y2O3 46 ± 1 38 ± 1 151 ± 2 202 ± 2 12.0 ± 1.0
Mg/1.11Y2O3 49 ± 0 51 ± 1 153 ± 3 195 ± 2 9.1 ± 0.2 
Pure Mg [69] - - 69-105 165-205 5-8 
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Table 4.4.3: Specific strength and work of fracture of PM processed Mg/Y2O3 
nanocomposites. 
a Determined from engineering stress–strain diagram using EXCEL software. 




σUTS/ρ   
(kN-m/kg) 
Mg/0.0Y2O3 7.1 ± 0.3 76 111 
Mg/0.22Y2O3 29.3 ± 1.4 89 121 
Mg/0.66Y2O3 20.9 ± 2.2 86 115 
Mg/1.11Y2O3 15.2 ± 0.3 87 110 
 
 
Fracture behavior of the Mg matrix found to be combination of brittle and 
ductile like features in the cases of Mg/Y2O3 nanocomposites (see Figures 4.4.2). 
    (a)      (b) 
   (c)      (d) 
Figure 4.4.2: Representative SEM fractographs showing brittle-ductile like features in 
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4.5 DMD Processed nano-ZrO2 Reinforced Composites 
4.5.1 Macrostructure 
The result of macrostructural characterization conducted on the as deposited 
monolithic and reinforced materials did not reveal any presence of macropores or 
shrinkage cavity. Following extrusion, there was also no evidence of any 
macrostructural defects. 
 
4.5.2 Density Measurement 
The results of density measurements conducted on extruded Mg and Mg/ZrO2 
nanocomposite samples are shown in Table 4.5.1. The results indicate that near dense 
materials can be obtained using the fabrication methodology adopted in the present 
study. 
Table 4.5.1: Results of density, porosity and grain morphology characterization of 
DMD processed Mg/ZrO2 nanocomposites. 
 
Density (gm/cm3) Grains morphology Materials ZrO2 
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio
Mg/0.00ZrO2 0.0 1.7400 1.7397 ± 0.0009 0.02 49 ± 8 1.5 ± 0.4 
Mg/0.22ZrO2 0.7 1.7491 1.7466 ± 0.0024 0.15 8 ± 2 1.6 ± 0.4 
Mg/0.66ZrO2 2.2 1.7674 1.7644 ± 0.0037 0.17 5 ± 2 1.6 ± 0.4 
Mg/1.11ZrO2 3.7 1.7861 1.7855 ± 0.0073 0.03 2 ± 1 1.5 ± 0.4 
 
4.5.3 Microstructural Characterization 
Microstructural studies conducted on the extruded composite specimens 
showed fairly uniform reinforcement distribution with limited extent of clusters (see 
Figure 4.5.1a & b), good reinforcement-matrix interfacial integrity, and significant 
grain refinement with increasing volume percentage of ZrO2 particulates (see Figure 
4.5.1c & d and Table 4.5.1). Observation also revealed minimal presence of porosity in 
composite materials.  
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  (a)           (b) 
 
Figure 4.5.1: Representative mi 2 reinforcement 
 
.5.4 Mechanical Properties 
The results of the mechanical properties measurements conducted on extruded 
Mg and Mg/ZrO2 nanocomposite specimens showed that hardness, 0.2%YS, and UTS 
increased while ductility and work of fracture of magnesium decreased (see Tables 
4.5.2 & 4.5.3) with the addition of nano-size ZrO2 particulates. 
 
Table 4.5.2: Results of room temperature mechanical properties of DMD processed 




  (c)             (d)
crographs showing: nano-ZrO
distribution in the case of Mg/1.11ZrO2 composite (using FESEM) in 





(HV) (MPa) MPa) (HR15T) (%) 
Mg/0.00ZrO2  7.4 2 37 ± 1 40 ± 0 97 ± 2 173 ± 1  ± 0.
Mg/0.22ZrO2 59 ± 1 47 ± 1 186 ± 2 248 ± 4 4.7 ± 0.2 
Mg/0.66ZrO2 62 ± 1 51 ± 1 221 ± 5 271 ± 6 4.8 ± 0.7 
Mg/1.11ZrO2 63 ± 1 55 ± 1 216 ± 4 250 ± 6 3.0 ± 0.2 
Pure Mg [69] - - 69-105 165-205 5-8 
Mg/9.3SiC [9] 4.7 3 - - 120 ± 5 181 ± 6  ± 1.
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Table 4.5.3: Specific strength and work of fracture of DMD processed Mg/ZrO2 
a ngineering n diagram using EX software. 
Fracture behavior of the matrix was transformed from brittle-ductile like 
features for pure Mg to brittle transgranular in the case of Mg/ZrO2 composites (see 
Figure 4.5.2). 
 
Figure 4.5.2: Representative SEM fractographs showing: (a) brittle-ductile like 
features in Mg, and (b) intergranular crack propagation in 
Mg/0.22ZrO2, respectively.  
 
 
Materials racture  σ0.2%YS/ρ  
(




(J/m3)a kN-m/kg) N-m/kg) 
Mg/0.00ZrO2 11.1 ± 0.3 
Determined from e  stress–strai
3
CEL 




Mg/0.22ZrO2 9.8 ± 0.9 106 142 
Mg/0.66ZrO2 10.8 ± 1.5 125 154 
Mg/1.11ZrO2 6.1 ± 0.6 121 140 
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4.6 PM Processed nano-ZrO2 Reinforced Composites 
 
The result of macrostructural characterization of compacted and sintered 
billets and the extruded rods from the billets of Mg and Mg/ZrO2 nanocomposites did 
not reveal any macrostructural defects. 
 
he results of density measurements conducted on extruded Mg and Mg/ZrO2 
nanocomposites samples are shown in Table 4.6.1. The results indicate that near dense 
materials can be obtained using the fabrication methodology adopted in the present 
study. 
Table 4.6.1: Results of density, porosity and grain morphology characterization of PM 
processed Mg/ZrO2 nanocomposites. 
os tur r
posite specimens 
showed uniform reinforcement distribution (see Figure 4.6.1a), good reinforcement-
matrix interfacial integrity, and significant grain refinement with the incorporation of 
nano-size ZrO2 particulates (see Figure 4.6.1b & c and Table 4.6.1). Observations also 





4.6.2 Density Measurement 
T
Density (gm/cm ) Grains morphology Materials ZrO2
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio




4.6.3 Micr truc al Cha acterization 
O2 1.7
Mg/0.66ZrO2 1.7599 ± 0.0007
0.7 491 1.7436 ± 0.0010 0.32 
0.42 
13 ± 3 1.6 ± 0.4 
2.2 1.7674 13 ± 2 1.5 ± 0.4 
Mg/1.11ZrO2 3.7 1.7861 1.7829 ± 0.0006 0.18 11 ± 3 1.5 ± 0.2 













Figure 4.6.1: Representative m 2 reinforcement 




pecimens showed improvement in macrohardness, 
0.2%YS
Table 4.6.2: Results of room temperature mechanical properties of PM processed 






















morphology for Mg and Mg/1.11ZrO2 in (b) & (c
4.6.4 Mechanical Properties 
 of the mechanical properties measurements conducted on extr
Mg and Mg/ZrO2 nanocomposites s
, UTS, ductility and work of fracture with the progressive addition of ZrO2 
(see Tables 4.6.2 and 4.6.3) till 0.66-volume percentage of the reinforcement. 
 
Mg/ZrO2 nanocomposites. 
(HR15T) (HV) (MPa) (MPa) (%) 
Mg/0.00ZrO2 43 ± 0 37 ± 0 132 ± 7 193 ± 2 4.2 ± 0.1 
Mg/0.22ZrO
Mg/0.66Zr
2 160 ± 8 
O2
10.8 ± 1.3
56 ± 1 38 ± 0 
44 ± 1 
140 ± 3 
163 ± 3 






58 ± 0 202 ± 6 
199 ± 5 
4 ± 0
Mg/1.11ZrO2 48 ± 1 46 ± 1 146 ± 1 
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Table 4.6.3: Specific strength and work of fracture of PM processed Mg/ZrO2 
nanocomposites. 
a  engineering  diagram using EX  software. 
 
 
re surface ix was showin ittle-ductile like f s in the 
ases of Mg/ZrO2 nanocomposites (see Figure 4.6.2). 
   (d) 
igure 4.6.2: Representative SEM fractographs showing combined brittle and ductile 
like features in the cases of: (a) & (b) unreinforced Mg, and (c) & (d) 














σUTS/ρ   
(kN-m/kg) (kN-m/kg) 
Mg/0.00ZrO2 7.1 ± 0.3 76 111 
 44
Determined from stress–strain CEL
Fractu of Mg matr g br eature
Mg/0.22ZrO2  2.8 80 92 
O2
Mg/1.11ZrO2 27.2 ± 4.6 
12.2 ±
c
  (a)            (b) 
  (c)   
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4.7 DMD Processed 0.3µm-Al2O3 Reinforced Composites 
.7.1 Macrostructure 
s deposited 
th materials did not reveal any presence of macropores or 
shrinkag
ents conducted on extruded Mg and 
O shown in Table 4.7.1. The results indicate that near 
dense m
DMD processed 0.3µm-Al2O3 particulates reinforced composites. 
st ura c
Microstructural studies conducted on the extruded composite specimens 




Density (gm/cm3) Grains morphology 
4
The result of macrostructural characterization conducted on the a
monoli ic and reinforced 
e cavity. Following extrusion, there was also no evidence of any 
macrostructural defects. 
 
4.7.2 Density Measurement 
The results of density measurem
Mg/Al2 3 composites samples are 
aterials can be obtained using the fabrication methodology adopted in the 
present study. 
Table 4.7.1: Results of density, porosity and grain morphology characterization of 
Materials Al2O3 Porosity 
(wt%) Theoretical Experimental (%) size (µm) Aspect ratio

















6 ± 2 1.3 ± 0.3 
6 ± 1 1.5 ± 0.4 
2 3 5.5 1.7954 .7897 ± 0.0044 4 ± 1 1.5 ± 0.4 
showed fairy uniform reinforcement distribut
al integrity (see Figure 4.7.1a& b), and significant grain refinement (see 
Figure. 4.7.1c & d and Table 4.7.1). Observation also revealed minimal presence of 
porosity in composite material. 
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  (a)             (b) 
  (c)              (d) 
crographs showing: Al2O3 reinforcement distribution 
y in the case of Mg/1.11Al2O3 composite (using 
morphology for Mg and Mg/0.66Al2O3 in 
Figure 4.7.1: Representative mi
and its interfacial integrit
SEM) in (a) & (b) and grain 
( ) & (d
 
The 
g and Mg/Al O  composites specimens showed significant increase in hardness, 
0.2%YS, and UTS (see Table 4.7.2). However, ductility and work of fracture of the 
composites remain higher with the addition of submicron-size Al2O3 particulates up to 









c ), respectively. 
4.7.4 Mechanical Properties 
results of the mechanical properties measurements conducted on extruded 
M 2 3
 
Table 4.7.2: Results of room temperature mechanical properties of DMD processed 
0.3µm-Al O  particulates reinforced composites. 
Materials Macrohardness Microhardness 
Mg/0.00Al2O3 37 ± 1 40 ± 0 97 ± 2 173 ± 1 7.4 ± 0.2 
Mg/0.66Al2
Mg/1.11Al2O3 59 ± 1 52 ± 1 200 ± 1 256 ± 1 8.6 ± 1.1 
Mg/2.49Al2O3 71 ± 1  62 ± 1 222 ± 2 281 ± 5 4.5 ± 0.5 
Pure Mg [69] - - 69-105 165-205 5-8 
Mg/9.3SiC [9] - - 120 ± 5 181 ± 6 4.7 ± 1.3 
O3 56 ± 1 50 ± 0 214 ± 4 261 ± 5 12.5 ± 1.8
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Table 4.7.3: Spe u  pro  0.3  
part c
b Density given 
 
 
-ductile li features of magnesium matrix was refined in 
c m due to ce submicron-size Al2O3 particulates (see Figure 
4
      (b) 
   (c)      (d) 
 
Figure 4.7.2: Representative SEM fractographs showing: brittle-ductile like features in 
unreinforced Mg (a) and Mg/1.11Al2O3 (b) & (c), and crack arrest at 













d work of fract
ed composites. 








Mg/0.0Al2O3 11.1 ± 0.3 956 9 
Mg/0.66Al2O
a Determined from engineering stress–strain diagram using EXCEL software. 
was 1.850 gm/cm3. 
3  ± 4.7 14
3  ± 2.8 145 











Brittle ke fracture 
omposite syste  the presen
.7.2).  
  (a) 
 8.8 ± 2.0 98
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4.8 PM Processed 0.3µm-Al2O3 Reinforced Composites 
4.8.1 Macrostructure 
result of macrostructural characterization of The compacted and sintered 
illets and the extruded rods from the billets of Mg and Mg/Al2O3 composites 
ral defects.  
 
ent 
processed 0.3µm-Al2O3 particulates reinforced composites. 
 
icro u
str al co e d te s 
 rce tr d cia ty e 
.8.1a) and significantly refined grains of magnesium matrix (see Figure 4.8.1b & c 
icron size Al2O3 particulates 




reinforced with 0.3µm-Al2O3 particulates did not reveal any macrostructu
4.8.2 Density Measurem
The results of density measurements conducted on extruded Mg and 
Mg/Al2O3 composites samples are shown in Table 4.8.1. The results indicate that near 
dense materials can be obtained using the fabrication methodology adopted in the 
present study. 
 
Table 4.8.1: Results of density, porosity and grain morphology characterization of PM 
Density (gm/cm
 
3) Grains morphology Materials Al2O3
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio
Mg/0.00Al O 0.0 1.7400 1.7387 ± 0.0022 0.08 60 ± 10 1.6 ± 0.3 2 3
Mg/0.66Al2O3 1.5 1.7548 1.7525 ± 0.0028 0.13 20 ± 1 1.3 ± 0.6 
Mg/1.11Al2O3 2.5 1.7647 1.7646 ± 0.0009 0.01 11 ± 4 1.7 ± 0.5 
Mg/2.49Al2O3 5.5 1.7954 1.7912 ± 0.0034 0.23 12 ± 5 1.7 ± 0.7 
 
4.8.3 M struct ral Characterization 
M cri o uctur studies nducted on the xtrude c iompos  specimen
showed uniform reinfo ment dis ibution with goo interfa l integri (see Figur
4
and Table 4.8.1) due to the incorporation of subm
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Figure 4.8.1: Representative mi  
distribution and its interf
& FESEM) in (a) & (b) and grain m
Mg/0.66Al2O3 in (c) & (d), respe
 
4.8.4 echanical Properties 
esul  of th echanical properties measurements conducted on extruded 
UTS, ductility 
ables 4.8.2 & 4




  (c)            (d) 
 
crographs showing: 0.3µm-Al2O3 reinforcement
acial integrity in Mg/1.11Al2O3 (using SEM 
orphology for Mg and 
ctively. 
M
R ts e m
Mg and Mg/Al2O3 specimens showed significant improvement in hardness, 0.2%YS, 
and work of fracture with the addition of submicron size-Al2O3 (see 
.8.3). T
 











Mg/0.00Al2O3 43 ± 0 37 ± 0 132 ± 7 193 ± 2 4.2 ± 0.1 
Mg/0.66Al O 49 ± 1 39 ± 0 209 ± 2 256 ± 5 12.4 ± 2.0
Mg/1.11Al
2 3
 ± 1 52 ± 0 182 ± 3 237 ± 1  12.1 ± 1.4
Mg/2.49Al2O3 58 ±  0 53 ± 1 185 ± 2 225 ± 3 9.9 ± 0.6 
AZ91/9.4SiC[7] - - 191 236 2 
2O3 56
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Table 4.8.3: Specific strength and work of fracture of PM processed 0.3µm-Al2O3 
particulates reinforced composites. 
 50
a Determined from engineeri stress–strain diag m using EXC ftware. 
 
ttle-ductile tures of magnesium matrix was refined in 
c  due to th e submicron-size Al2O3 particulates in the cases of 
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  (a)      (b) 
  (c)      (d) 
Figure 4.8.2: Representative SEM fractographs showing brittle-ductile like features in 
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b Theoretical density is 1.8782 gm/cm3 assuming zero porosity. 
Bri  like fracture fea
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Table 4.9.1: Results of density, porosity and grain morphology characterization of 
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DMD Processed 1µm-Al2O3 Reinforced Composites 
rostructure 
terization conducted on the as deposited 
m
shrinkage cavity. Following extrusion, there was also no evide
 
4.9.2 Density Measurement 
The results of density measurements conducted on extruded Mg and 
Mg/Al2O3 composites samples are shown in Table 4.9.1. The results indicate that near 
dense materials can be he fabrication methodology adopted in the 
DMD processed 1µm-Al2O3 particulates reinforced composites. 
Density (gm/cm
 
3) Grains morphology Materials Al2O3
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio
Mg/0.00Al2O3 0.0 1.7400 1.7397 ± 0.0009 0.02 49 ± 8 1.5 ± 0.4 
Mg/0.66Al2O3 1.5 1.7548 1.7448 ± 0.0022 0.57 10 ± 2 1.4 ± 0.5 
2.5 1.7647 1.7614 ± 0.0042 0.19 5 ± 1 1.5 ± 0.3 
Mg/2.49Al2O3 5.5 1.7954 1.7860 ± 0.0027 0.52 6 ± 2 1.6 ± 0.3 
Mg/1.11Al2O3
4.9.3 M struc Characterizatio
Micro r auctur  cstudies nducted on the xtrude composite s specimen
showed fa ryi  iform nt distribution th go reinforc ent-matri
interfacial integ ty (s igure 4. 1a), and significa  grain inement (see Figures
4.9.1b & c and Table 4.9.1). Observation also revealed m
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Figure 4.9.1: Representative m rcement distribution 
2O3 composite 
2O3 in 
(b) & (c), re
 
4.9.4 echanical Properties 
he results of the mechanical properties measurements showed significant 
increase ites materials (see Table 4.9.2) 
due to the inc
and work of fracture followed the similar trend in the cases of materials with 0.66 and 
2 & 4.9.3).  
Table 4





     (c) 
icrographs showing: Al2O3 reinfo
with good interfacial integrity in the case of Mg/1.11Al




 in hardness, 0.2%YS and UTS of the compos
reasing presence of 1µm size Al2O3 particulates reinforcements. Ductility 
2.49-vol% of Al2O3 (see Tables 4.9.











Mg/0.00Al2O3 37 ± 1 40 ± 0 97 ± 2 173 ± 1 7.4 ± 0.2 
Mg/0.66Al2O3 52 ± 1 47 ± 1 191 ± 5 247 ± 10  12.7 ± 1.3
Mg/2.49Al
Mg/1.11Al2O3 64 ± 0 59 ± 0 209 ± 1 242 ± 3 3.5 ± 0.3 
201 ± 1 266 ± 3 8.9 ± 1.1 
Pure Mg [69] - - 69-105 165-205 5-8 
Mg/9.3SiC [9] - - 120 ± 5 181 ± 6 4.7 ± 1.3 
2O3 61 ± 1 52 ± 1 
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The brittle-ductile fracture features of magnesium matrix were refined in 
 53
composite system l lates igu
 
 
Figure 4.9.2: Representative SEM fractographs showing: brittle-ductile like features in 
ectively.  
Table 4.9.3: Specific strength and work of fr MD proce l2O3 
particulates reinforced composites
b Density given was 1.850 gm/cm3. 




 due to the presence 1µm-size A 2O3 particu  (see F res 4.9.2). 
  (a)      (b) 
 (c)              (d) 
unreinforced Mg (a) and Mg/1.11Al2O3 (b) & (c), and interfacial 











Mg/0.0Al2O3 11.1 ± 0.3 56 99 






a Determined from engineering stress–strain diagram
2 3   
Mg/2.49Al2O3 22.2 ± 3.1 113 149 
Mg/9.3SiC [9] 8.8 ± 2.0 65b 98b
7.0 ± 0.9 
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4.10 PM Processed 1µm-Al2O3 Reinforced Composites 
4.10.1 Macrostructure 
The result of macrostructural characterization of compacted and sintered 
billets and the extruded rods from the billets of Mg and Mg/Al2O3 composites 
reinforced with 1µm-size Al2O3 did not reveal any macrostructural defects. 
 
4.10.2 Density Measurement 
The results of density measurements conducted on extruded Mg and 
Mg/Al2O3 composites samples are shown in Table 4.10.1. The results indicate that near 
dense materials can be obtained using the fabrication methodology adopted in the 
present study. 
Table 4.10.1: Results of density, porosity and grain morphology characterization of 
PM processed 1µm-Al2O3 particulates reinforced composites. 
Density (gm/cm3) Grains morphology Materials Al2O3
 
(wt%) Theoretical Experimental 
Porosity 
(%) size (µm) Aspect ratio
Mg/0.00Al2O3 0.0 1.7400 1.7387 ± 0.0022 0.08 60 ± 10 1.6 ± 0.3 
Mg/0.66Al2O3 1.5 1.7548 1.7535 ± 0.0020 0.13 12 ± 3 1.7 ± 0.5 
Mg/1.11Al2O3 2.5 1.7647 1.7645 ± 0.0013 0.01 11 ± 3 1.8 ± 0.6 
Mg/2.49Al2O3 5.5 1.7954 1.7889 ± 0.0130 0.23 11 ± 2 1.7 ± 0.6 
 
4.10.3 Microstructural Characterization 
Microstructural studies conducted on the extruded composite specimens 
showed uniform reinforcement distribution with good interfacial integrity (see Figures 
4.10.1a & b) and significantly refined grains of magnesium matrix (see Figure 4.10.1c 
& d and Table 4.10.1) due to the incorporation of micron-size Al2O3 particulates 
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  (c)      (d) 
Figure 4.10.1: Representative micrographs showing: Al2O3 reinforcement distribution 
and its interfacial integrity in the case of Mg/1.11Al2O3 composite 
(using SEM & FESEM) in (a) & (b) and grain morphology for Mg and 
Mg/0.66Al2O3 in (c) & (d), respectively. 
 
4.10.4 Mechanical Properties 
Results of the mechanical properties measurements conducted on extruded 
Mg and Mg/Al2O3 specimens showed significant improvement in hardness, 0.2%YS, 
UTS, ductility and work of fracture with the addition of 1µm-size Al2O3 (see Tables 
4.10.2 & 4.10.3). 
 
Table 4.10.2: Results of room temperature mechanical properties of PM processed 












Mg/0.00Al2O3 43 ± 0 37 ± 0 132 ± 7 193 ± 2 4.2 ± 0.1 
Mg/0.66Al2O3 48 ± 1 39 ± 0 209 ± 2 250 ± 6 12.2 ± 1.7
Mg/1.11Al2O3 50 ± 1 51 ± 0 172 ± 1 227 ± 2  16.3 ± 1.1
Mg/2.49Al2O3 55 ±  0 52 ± 1 168 ± 2 228 ± 5 11.0 ± 0.8
AZ91/9.4SiC[7] - - 191 236 2 
 
 55Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan
Results 
Fracture behavior of the Mg matrix found to be combination of brittle and 
ductile like features and was refined in the cases of Mg/Al2O3 composites due to the 
   (a)      
presence of 1µm-size Al2O3 reinforcements (see Figure 4.10.2). 
(b) 
   (c)      (d) 
 
igure 4.10.2: Representative SEM fractographs showing: brittle-ductile like features 







    (e)      (f) 
F
particle shear in Mg/1.11Al2O3 and (f) microcracks in Mg/2.49Al2O3, 
respectively. 
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T 3: Specific rk of f PM process 2O3 
particulates reinforced composite
a Determined from engineering stress–strain diagram using EXCEL software. 
b Theoretical density is 1.8782 gm/cm3 assuming zero porosity. 
Wo re σ0. /ρ  
(kN g) 
σ    
(kN g) 
able 4.10.  strength and wo racture of ed 1µm-Al
s. 






Mg/0.00Al2O3 7.1 ± 0.3 76 111 
Mg/0.66Al2O3 27.1 ± 4.5 119 143 




Mg/2.49Al2O3 21.4 ± 1.9 94 
AZ91/9.4SiC[7] - 10





















































Chapter 5: Discussion 
5.1 DMD Processed nano-Al2O3 Reinforced Composites 
5.1.1 Synthesis of Mg and Mg/Al2O3 Materials 
Synthesis of monolithic and reinforced Mg materials was successfully 
accomplished by DMD process followed by hot extrusion with: (a) minimal oxidation 
of magnesium, (b) absence of macropores and blowholes, and (c) no detectable 
reaction between graphite crucible and melts (Mg melt and Mg/Al2O3 composite 
slurry). The inert atmospheric condition used during melt processing, dispersion, 
deposition and solidification was instrumental in the prevention of reaction between 
air/oxygen and Mg melt.  The absence of macropores, blowholes, and segregation or 
agglomeration of reinforcement particulates due to the effect of gravity indicates the 
suitability of stirring conditions in the crucible and the realization of good 
solidification conditions during deposition. The absence of macropores and blowholes 
also suggests that the continuous flow of argon during the melting, stirring and 
deposition process did not lead to the entrapment of gases. The absence of reaction 
between Mg melt/composite slurry with the graphite crucible can be attributed 
primarily to the inability of magnesium to form stable carbides [7]. The results, in 
essence, indicate the feasibility of the DMD process as a potential fabrication 
technique for nano-Al2O3 reinforced Mg MMCs.  
 
5.1.2 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) reinforcement–matrix 
interfacial characteristics, (c) grain size and shape, and (d) amount of porosity.  
The reasonably uniform distribution of reinforcement particulates (arrow 
marked on Figure 4.1.1a) can be attributed to: (a) limited agglomeration of 
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reinforcement during melting of matrix due to uniform arrangement of raw materials in 
crucible for melting [17-18, 36], (b) minimal gravity-associated segregation due to 
judicious selection of stirring parameters [56], (c) good wetting of reinforcement by 
the matrix melt [54], and (d) disintegration of the composite slurry by argon jets, and 
subsequent deposition in metallic mold. Almost zero standard deviation in density 
measurement results also reflect the uniform distribution of the reinforcement in 
processed materials. Interfacial integrity between matrix and reinforcement as 
expected was good due to limited reaction [17-18, 54] and was assessed in terms of 
interfacial debonding and nano-voids at the particulate-matrix interface.  
Metallography of the extruded samples revealed that the matrix recrystallized 
completely. The sizes of the near-equiaxed grains of magnesium matrix in the case of 
composite samples were distinctly smaller when compared to that of unreinforced 
magnesium (see Figures 4.1.1b & c and Table 4.1.1). Grain refinement in the case of 
composite samples can primarily be attributed to the coupled effects of: (i) capability 
of nano-Al2O3 particulates to nucleate magnesium grains during recrystallization [70], 
and (ii) restricted growth of recrystallized magnesium grains as a result of pinning by 
nano-Al2O3 particulates [52]. The fundamental principles behind the ability of 
inclusions in the metallic-matrix to nucleate recrystallized grains and to inhibit grain 
growth have been well established. However, the grain refinement did not reveal any 
dependence on the variation of the nano-Al2O3 content within the limits investigated in 
this study (up to 1.11-vol %) and it might be due to the relatively higher tendency of 
clustering of Al2O3 particulates with an increase in their volume fraction [71]. 
The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.1.1), can be attributed to: (a) good 
compatibility between Mg and Al2O3 [54], and (b) the use of an appropriate extrusion 
ratio [7, 9, 17-18].  
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5.1.3 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of nano-Al2O3 reinforcement lead to an increase in the hardness (both in 
micro and bulk level) of the metallic matrix of Mg/Al2O3 nanocomposites (see Table 
4.1.2). The hardness increment can be attributed primarily to: (a) the presence of 
relatively harder ceramic particulates in the matrix [9, 15, 25], (b) a higher constraint to 
the localized matrix deformation during indentation due to their presence, and (c) 
reduced grain size (see Table 4.1.1) [72-73]. The hardness results obtained in the 
present study are similar to the findings reported for nano-size ceramic reinforced 
magnesium matrices [15, 25].  
The results of room temperature tensile testing revealed significant increase in 
0.2%YS and UTS (see  Table 4.1.2) of pure magnesium due to the presence of nano-
size Al2O3 as reinforcement and can primarily be attributed to the coupled effect of: (a) 
increase in grain boundary area due to grain refinement [52, 70], (b) heavily built 
multi-directional thermal stress at the particulate/matrix interface at grain boundaries 
induced due to the large difference of coefficient of thermal expansion between matrix 
and reinforcement (CTE of Mg is 27.1 x 10-6/0K [74], and Al2O3 is 7.4 x 10-6/0K [75], 
respectively), and (c) the effective transfer of applied tensile load to the uniformly 
distributed well-bonded strong Al2O3  particulates (yield strength of ceramic materials 
lies much higher than metallic materials [57]) [76]. It may be noted that, since density 
of thermally induced dislocation increase with decrease in reinforcement particulates 
size, the extremely finer Al2O3 with even such low volume percentages as used in this 
study can induce high dislocation density in the Mg/Al2O3 system [77]. In general, the 
yield stress of material is the stress required to operate dislocation sources and is 
governed by the dislocation density and magnitude of all the obstacles that restrict the 
motion of dislocation in the matrix. Under the applied stress, enormous number of 
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reinforcement particulates and increasing amount of grain boundaries (due to 
significant grain refinement) acts as obstacles to the dislocation movement and end up 
with dislocation pile ups [60, 72]. Again, multi-directional thermal stress induced 
during processing easily starts multi-gliding system [78] under applied stress so that 
dislocations were found developing and moving in several directions. Multi-glide 
planes agglomerate under thermal and/or applied tensile stress to form grain boundary 
ledges [72]. As the applied tensile load increases, these ledges too act as obstacle to 
dislocation movement resulting in further pile-ups. The coupled effects of these 
obstacles lead to the significant increase in the yield strength of the composites over 
pure magnesium. Strengthening effect of finer Al2O3 particulates on metals like 
aluminum, copper and nickel has been reported much earlier [79]. 
Room temperature tensile test also revealed the capability of nano-size Al2O3 
particulates reinforcement to increase the ductility of pure magnesium. The increment 
in ductility of magnesium matrix due to presence of nano particulates can primarily be 
attributed to the coupled effect of: (a) grain refinement [80], (b) presence of reasonably 
uniformly distributed reinforcement particulates [60], and (c) supposedly slip on extra 
non-basal slip system [20].  Grain refinement particularly benefits hexagonal metals in 
ductility increment where intergranular fracture arises from intercrystalline stresses 
[80]. Again, dispersed phases in brittle matrix, where dislocation mobility is restricted 
and crack generation is relatively easy, act as ductility enhancer, an anomaly to their 
effect in ductile matrix [60]. Dispersed reinforcement particulates in hexagonal metal 
matrix with limited ductility serve to: (i) provides sites where cleavage cracks may 
open ahead of an advancing crack front, (ii) dissipate the stress concentration which 
would otherwise exist at the crack front, and (iii) alter the local effective state of stress 
from plane strain to one of plane stress in the neighborhood of the crack tip. In 
addition, it has been understood through recent studies that non-basal slip system 
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activate under axial tensile stress and increases ductility [20] which is also evident in 
fractography results obtained in this study (see Figure 4.1.3). It is interesting to note 
that metallic particulate reinforcement like Ti [20, 36] and nano-size Al2O3 dispersoids 
in this study seems to be capable to activate non-basal slip system at room temperature 
in pure magnesium matrix and increases the ductility. Change in magnesium matrix 
deformation nature in the nanocomposites also supported by its wear mechanism in a 
parallel study [81]. Ductility improvement of magnesium with very fine metastable 
secondary phase precipitation at grain boundaries has been reported earlier [37-39, 53].  
The work of fracture expresses the ability of each material to absorb energy 
up to fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that nano-size Al2O3 reinforced nanocomposites are distinctly superior when 
compared to unreinforced magnesium (see Table 4.1.3) indicating that the increasing 
presence of nano-Al2O3 significantly improved the fracture resistance of matrix. In 
essence, the results of tensile testing revealed that the nano-Al2O3 can be used as the 
reinforcement in the magnesium for the development of materials for strength based 
designs (higher yield strength when compared to magnesium) and damage tolerant 
designs (higher work of fracture when compared to magnesium) with good formability. 
The results further revealed 0.2% YS and UTS, and ductility of these 
composites remained much superior when compared to magnesium reinforced with 
much higher volume percentage of micron-size SiCP. This also translates into even 
lighter weight and further enhanced specific mechanical properties (see Table 4.1.3).  
The study of uniaxially deformed fracture surfaces revealed the 
microstructural effects on tensile ductility and fracture properties of nano-Al2O3 
dispersion strengthened pure magnesium. Typical brittle-ductile fracture surface 
(Figure 4.1.2a & b) [52] with the presence of microscopically rough small steps has 
been seen in the case of Mg samples. However, fractography of nano-Al2O3 dispersion 
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strengthened composite samples revealed salient features such as: (a) dimple shaped 
reduced size of brittle-ductile microscopic steps [52]) (see Figure 4.1.2c & d), (b) 
limited intergranular crack propagation (typical for hexagonal metal to improve its 
ductility [80]), and (c) branching of propagating crack at reinforcement particulates 
(typical way to improve ductility of metal with hexagonal crystal structure [60]). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by basal 
slip system [52, 82]. Activation of non-basal slip system is necessary to modify typical 
cleavage crack propagation to failure with homogeneous plastic deformation to failure 
in pure magnesium matrix and it is apparent in the cases of nano-Al2O3 dispersion 
strengthened magnesium. Presence of nano-size oxide reinforcement and refined 
microstructure is believed to initiate the activation of non-basal slip system in the 
developed composite materials as seen in Figure 4.1.3b consistent to the finding of 
other researchers [20]. Activation of nonbasal slip system in magnesium matrix due to 
the presence of reinforcement [20] and grain refinement [81] has been reported in open 
literature by other researchers. Again, presence of limited intergranular crack 
propagation and dissipation of stress concentration by splitting of the propagating 
crack tip in the fracture surfaces signifies improved plastic deformation in hexagonal 
crystal structured magnesium matrix. It is interesting to note that the brittle-ductile like 
fracture features of the plastically deforming magnesium metal matrix was refined to 
more dimple like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-basal slip 
system in the presence of nano-size Al2O3 particulates. 
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5.2 PM Processed nano-Al2O3 Reinforced Composites 
5.2.1 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) grain size and shape, and 
(c) amount of porosity. 
The reasonably uniform distribution of reinforcement particulates (see Figure 
4.2.1a) can be attributed to: (a) suitable blending parameters and (b) high extrusion 
ratio used in secondary processing. Plastic flow associated with extrusion ratio of 20:1 
or higher improves the: (i) bond between matrix metal particulates by disrupting 
particulate oxide film allowing metal-metal contact, and (ii) reinforcement distribution 
by dispersing the clusters [7, 51]. 
Metallography of the extruded samples revealed the grain refinement when 
the added amount of nano-Al2O3 was 1.11 percent by volume (see Table 4.2.1). In the 
case of Mg/1.11Al2O3 composite, grain growth restriction might have been favored by 
the presence of enormous number of nano-Al2O3 particulates with the coupled effect 
of: (i) capability of nano-Al2O3 particulates to nucleate magnesium grains during 
recrystallization [70], and (ii) restricted growth of recrystallized magnesium grains as a 
result of pinning by nano-Al2O3 particulates [52]. The fundamental principles behind 
the ability of inclusions in the metallic-matrix to nucleate recrystallized grains and to 
inhibit grain growth have been well established. It may be noted that limitation of nano 
particulates to contribute as grain refiner in blend-press-sinter methodology in the case 
of magnesium is also reported elsewhere [15]. 
The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.2.1), can be attributed to the appropriate 
selection of compaction, sintering and extrusion parameters [7, 83].  
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5.2.2 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of nano-Al2O3 reinforcement lead to an increase in both the microhardness 
and macrohardness (see Table 4.2.2) of Mg and can be attributed primarily to: (a) the 
presence of relatively harder ceramic particulates in the matrix [9, 15, 25], and (b) a 
higher constraint to the localized matrix deformation during indentation due to their 
presence. It may also be noted that hardness trend obtained in the present study are 
similar to the findings reported for ceramic reinforced magnesium matrices when the 
reinforcement is in the micrometer and nanometer length scale [9, 15, 25]. 
The results of room temperature tensile testing revealed significant increase in 
0.2%YS and UTS (see  Table 4.2.2) of pure magnesium due to the presence of nano-
size Al2O3 as reinforcement and can primarily be attributed to the coupled effect of: (a) 
heavily built multi-directional thermal stress at the particulate/matrix interface at grain 
boundaries induced due to the large difference of coefficient of thermal expansion 
between matrix and reinforcement (CTE of Mg is 27.1 x 10-6/0K [74], and Al2O3 is 7.4 
x 10-6/0K [75], respectively), and (b) the effective transfer of applied tensile load to the 
uniformly distributed well-bonded strong Al2O3  particulates (yield strength of ceramic 
materials lies much higher than metallic materials [57]) [76]. It may be noted that, 
since density of thermally induced dislocation increases with decrease in reinforcement 
particulates size, the extremely finer Al2O3 with even such low volume percentages as 
used in this study can induce high dislocation density in the Mg/Al2O3 system [77]. In 
general, the yield stress of material is the stress required to operate dislocation sources 
and is governed by the dislocation density and magnitude of all the obstacles that 
restrict the motion of dislocation in the matrix. Under the applied stress, enormous 
number of reinforcement particulates acts as obstacles to the dislocation movement and 
end up with dislocation pile ups [60, 72]. Again, multi-directional thermal stress 
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induced during processing easily starts multi-gliding system [78] under applied stress 
so that dislocations were found developing and moving in several directions. Multi-
glide planes agglomerate under thermal and/or applied tensile stress to form grain 
boundary ledges [72]. As the applied tensile load increases, these ledges too act as 
obstacle to dislocation movement resulting in further pile-ups. The coupled effects of 
these obstacles lead to the significant increase in the yield strength of the composites 
over pure magnesium. Strengthening effect of finer Al2O3 particulates on metals like 
aluminum, copper and nickel has been reported much earlier [79]. 
Room temperature tensile test also revealed the capability of nano-size Al2O3 
particulates reinforcement to increase the ductility of pure magnesium. The increment 
in ductility of magnesium matrix due to presence of nano particulates can primarily be 
attributed to the coupled effect of: (a) grain refinement [80], and (b) presence of 
reasonably uniformly distributed reinforcement particulates (see Figure 5.2.1a) [60]. 
Grain refinement particularly benefits hexagonal metals in ductility increment where 
intergranular fracture arises from intercrystalline stresses [80]. Again, dispersed phases 
in hexagonal metal matrix with limited ductility, where dislocation mobility is 
restricted and crack generation is relatively easy, act as ductility enhancer, an anomaly 
to their effect in ductile matrix [60]. Dispersed reinforcement particulates in brittle 
metal matrix serve to: (i) provides sites where cleavage like cracks may open ahead of 
an advancing crack front, (ii) dissipate the stress concentration which would otherwise 
exist at the crack front, and (iii) alter the local effective state of stress from plane strain 
to one of plane stress in the neighborhood of the crack tip. Improvement in ductility of 
magnesium alloys exploiting very finer thermally unstable secondary phase 
precipitation at grain boundaries has been well established [37-39, 53].  Excessive 
dislocation pile up at grain boundary ledges due to the coupled effect of higher amount 
of grain boundary area and high volume fraction of reinforcement might lead to grain 
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boundary cavitation and eventually end up with relatively low ductility in the case of 
Mg/1.11Al2O3 composite. 
The work of fracture expresses the ability of each material to absorb energy 
up to fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that Mg/Al2O3 composites are distinctly superior when compared to 
unreinforced magnesium (see Table 4.2.3) indicating that the presence of nano-Al2O3 
significantly improved the fracture resistance of matrix. In essence, the results of 
tensile testing revealed that the nano-Al2O3 can be used as the reinforcement in the 
magnesium for the development of materials for strength based designs (higher yield 
strength when compared to magnesium) and damage tolerant designs (higher work of 
fracture when compared to magnesium) with good formability. 
The results revealed that addition of 0.66 and above volume percent of nano-
size alumina lead to an improvement in overall combination of mechanical properties 
that is not matched even by AZ91/SiC containing much higher volume percentage of 
micron size SiC particulates (see Tables 4.2.2 and 4.2.3). This also translates into even 
lighter weight and further enhanced specific mechanical properties (see Table 4.2.3). 
Study of uniaxially deformed fracture surfaces revealed the microstructural 
effects on tensile ductility and fracture properties of nano-Al2O3 dispersion 
strengthened magnesium. Typical brittle-ductile like fracture features (Figure 4.2.2a & 
b) [52] with the presence of microscopically rough small steps has been seen in the 
case of Mg samples. However, fractography of nanocomposite samples revealed 
salient features such as: (a) dimple shaped reduced size of brittle-ductile microscopic 
steps [52]) (see Figure 4.2.2c & d), and (b) limited intergranular crack propagation 
(typical for ductility improvement in hexagonal metal [80]). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
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mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by 
basal slip system [52, 82]. Presence of limited intergranular crack propagation in the 
fracture surfaces signifies improved plastic deformation in hexagonal crystal structured 
magnesium matrix. It is interesting to note that the brittle-ductile like fracture features 
of the plastically deforming magnesium metal matrix was refined to more dimple like 
feature with limited intergranular fracture dominated by formation, growth and 
coalescence of the microscopic voids supposedly with the activation of non-basal slip 
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5.3 DMD Processed nano-Y2O3 Reinforced Composites 
5.3.1 Synthesis of Mg and Mg/Y2O3 Materials 
Synthesis of monolithic and reinforced Mg materials was successfully 
accomplished by DMD process followed by hot extrusion with: (a) minimal oxidation 
of magnesium, (b) absence of macropores and blowholes, and (c) no detectable 
reaction between graphite crucible and melts (Mg melt and Mg/Y2O3 composite 
slurry). The inert atmospheric condition used during melt processing, dispersion, 
deposition and solidification was instrumental in the prevention of reaction between 
air/oxygen and Mg melt.  The absence of macropores, blowholes, and segregation or 
agglomeration of reinforcement particulates due to the effect of gravity indicates the 
suitability of stirring conditions in the crucible and the realization of good 
solidification conditions during deposition. The absence of macropores and blowholes 
also suggests that the continuous flow of argon during the melting, stirring and 
deposition process did not lead to the entrapment of gases. The absence of reaction 
between Mg melt/composite slurry with the graphite crucible can be attributed 
primarily to the inability of magnesium to form stable carbides [7]. The results, in 
essence, indicate the feasibility of the DMD process as a potential fabrication 
technique for nano-Y2O3 reinforced Mg MMCs.  
 
5.3.2 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) reinforcement–matrix 
interfacial characteristics, (c) grain size and shape, and (d) amount of porosity.  
The reasonably uniform distribution of reinforcement particulates (Figure 
4.3.1a) can be attributed to: (a) limited agglomeration of reinforcement during melting 
of matrix due to uniform arrangement of raw materials in crucible for melting [17-18, 
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36], (b) minimal gravity-associated segregation due to judicious selection of stirring 
parameters [56], (c) good wetting of reinforcement by the matrix melt [32, 54-55], and 
(d) disintegration of the composite slurry by argon jets, and subsequent deposition in 
metallic mold. Almost zero standard deviation in density measurement results also 
reflect the uniform distribution of the reinforcement in processed materials. Interfacial 
integrity between matrix and reinforcement as expected was good [32, 54-55] and was 
assessed in terms of interfacial debonding and nano-voids at the Y2O3/Mg interface.  
Metallography of the extruded samples revealed that the matrix recrystallized 
completely. The sizes of the near-equiaxed grains of magnesium matrix in the case of 
composite samples were distinctly smaller when compared to that of unreinforced 
magnesium (see Figures. 4.3.1b & c and Table 4.3.1). Grain refinement in the case of 
composite samples can primarily be attributed to the coupled effects of: (i) capability 
of nano-Y2O3 particulates as reinforcement to nucleate magnesium grains during 
recrystallization [70], and (ii) restricted growth of recrystallized magnesium grains as a 
result of pinning by nano-Y2O3 particulates [52]. The result also revealed that grain 
refinement enhanced with increasing present of nano-Y2O3 up to 0.66-volume 
percentage, however, increase in reinforcement beyond this amount could not maintain 
this increasing trend of grain refinement and it might be due to the relatively higher 
tendency of clustering of nano-Y2O3 particulates at the higher volume fraction [71]. 
The presence of minimal porosity in nanocomposite materials, also supported 
by the experimental density values (see Table 4.3.1), can be attributed to: (a) good 
compatibility between Mg and Y2O3 [32, 54-55], and (b) the use of an appropriate 
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5.3.3 Mechanical Properties 
The results of hardness measurements revealed that incorporation of nano-
Y2O3 reinforcement lead to an increase in the hardness (both in micro and bulk level) 
of the Mg/Y2O3 nanocomposites (see Table 4.3.2). The hardness increment can be 
attributed primarily to: (a) the presence of relatively harder ceramic particulates in the 
matrix [9, 15, 25], (b) a higher constraint to the localized matrix deformation during 
indentation due to their presence, and (c) reduced grain size (see Table 4.3.1) [72-73]. 
The hardness results obtained in the present study are similar to the findings reported 
for nano-size ceramic reinforced magnesium matrices [15, 25]. However, the results 
revealed an increasing trend in hardness of nanocomposites with reinforcement up to 
0.66-volume percentage, above that hardness value reduced (although still remain 
much higher than the unreinforced matrix material) perhaps due coupled effect of 
increasing presence of porosity (see Table 4.3.1) and clustering of reinforcement 
particulates in the case of Mg/1.11Y2O3 nanocomposite. 
The results of room temperature tensile testing revealed significant increase in 
strength (see Table 4.3.2) of pure magnesium due to the presence of nano-size Y2O3 as 
reinforcement and can primarily be attributed to the coupled effect of: (a) increase in 
grain boundary area due to grain refinement [52, 70], (b) heavily built multi-directional 
thermal stress at the particulate/matrix interface at grain boundaries induced due to the 
large difference of coefficient of thermal expansion between matrix and reinforcement 
(CTE of Mg is 27.1 x 10-6/0K [74], and Y2O3 is 7.5 x 10-6/0K [84], respectively), and 
(c) the effective transfer of applied tensile load to the uniformly distributed well-
bonded strong Y2O3  particulates (yield strength of ceramic materials lies much higher 
than metallic materials [57]) [76]. It may be noted that, since density of thermally 
induced dislocation increases with decrease in reinforcement particulates size, the 
extremely finer Y2O3 with even such low volume percentages as used in this study can 
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induce high dislocation density in the Mg/Y2O3 system [77]. In general, the yield stress 
of material is the stress required to operate dislocation sources and is governed by the 
dislocation density and magnitude of all the obstacles that restricts the motion of 
dislocation in the matrix. Under the applied stress, enormous number of reinforcement 
particulates and increasing amount of grain boundaries (due to significant grain 
refinement) acts as obstacles to the dislocation movement and end up with dislocation 
pile ups [60, 72]. Again, multi-directional thermal stress induced during processing 
easily starts multi-gliding system [78] under applied stress so that dislocations were 
found developing and moving in several directions. Multi-glide planes agglomerate 
under thermal and/or applied tensile stress to form grain boundary ledges [72]. As the 
applied tensile load increases, these ledges too act as obstacle to dislocation movement 
resulting in further pile-ups. The coupled effects of these obstacles lead to the 
significant increase in the yield strength of the composites over pure magnesium. 
Excessive increasing dislocation pile up at grain boundary ledges due to the increasing 
volume fraction of reinforcement might lead to early grain boundary cavitation and led 
to closer 0.2%YS and UTS of Mg/0.66Y2O3 nanocomposite. In the case of 
Mg/1.11Y2O3 nanocomposite the initiation and coalescence of the cavitation to 
microcracks increase the strength of magnesium matrix when compared to 
unreinforced magnesium but the much easier propagation of microcracks in complete 
intercrystalline way (see Figure 4.3.2d) plausibly due to their enormous presence led to 
immediate failure of the matrix with relatively lower failure strength. Capability of 
strengthening effect of the sub-micron size Y2O3 particulates when present in much 
higher volume fraction in magnesium matrix has been reported much earlier [32].  
Room temperature tensile test also revealed the capability of nano-size Y2O3 
particulates reinforcement to increase the ductility of pure magnesium when present in 
low volume percentages. The increment in ductility of magnesium matrix due to 
 72Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan
Discussion 
presence of nano particulates can primarily be attributed to the coupled effect of: (a) 
grain refinement [80], (b) presence of reasonably uniformly distributed reinforcement 
particulates [60], and (c) supposedly slip on extra non-basal slip system [20].  Grain 
refinement particularly benefits hexagonal metals in ductility increment where 
intergranular fracture arises from intercrystalline stresses [80]. Again, dispersed phases 
in hexagonal metal matrix with limited ductility, where dislocation mobility is 
restricted and crack generation is relatively easy, act as ductility enhancer, an anomaly 
to their effect in ductile matrix [60]. Dispersed reinforcement particulates in brittle 
metal matrix serve to: (i) provides sites where cleavage cracks may open ahead of an 
advancing crack front, (ii) dissipate the stress concentration which would otherwise 
exist at the crack front, and (iii) alter the local effective state of stress from plane strain 
to one of plane stress in the neighborhood of the crack tip. In addition, it has been 
understood through recent studies that non-basal slip system activates under axial 
tensile stress and increases ductility [20]. It is interesting to note that metallic 
particulate reinforcement like Ti [20, 36] and nano-size Al2O3 and Y2O3 dispersoids in 
this study seems to be capable to activate non-basal slip system at room temperature in 
pure magnesium matrix and increases the ductility. However, with the increasing 
presence of reinforcement excessive dislocation pile up at grain boundary ledges led to 
an early initiation of grain boundary cavitation and coalescence to microcracks and 
reduces the ductility of matrix in Mg/0.66Y2O3. In the cases of Mg/1.11Y2O3 
nanocomposite rapid propagation of microcracks in intercrystalline mode (see Figure 
4.3.2d) immediately after yielding of matrix materials due to enormous number of 
stress concentration sites believed to be reason behind drastic reduction of matrix 
ductility. Unlike Mg/0.22Y2O3 and Mg/0.66Y2O3 nanocomposites dimples likes 
features corresponding to ductile fracture of metal were totally absent in Mg/1.11Y2O3 
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nanocomposite. Improvement in ductility of magnesium alloys exploiting metastable 
fine precipitation at grain boundaries has been reported earlier [37-39, 53]. 
The work of fracture expresses the ability of each material to absorb energy 
up to fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that nanocomposites reinforced with nano-size Y2O3 of up to 0.66-volume 
percentage are distinctly superior when compared to unreinforced magnesium (see 
Table 4.3.3) indicating that the presence of nano-Y2O3 significantly improved the 
fracture resistance of matrix. In essence, the results of tensile testing revealed that the 
nano-Y2O3 can be used as the reinforcement (up to 0.66-vol %) in the magnesium for 
the development of materials for strength based designs (higher yield strength when 
compared to magnesium) and damage tolerant designs (higher work of fracture when 
compared to magnesium) with good formability. 
The results further revealed that strength of these nano-Y2O3 reinforced 
nanocomposites remained distinctly superior even when compared to magnesium 
reinforced with much higher volume percentage of micron-size SiC. Ductility of 
magnesium matrix increased with the presence of 0.22-vol% of nano-Y2O3 and with 
increasing brittleness it still remains much higher in the case of Mg/0.66Y2O3 when 
compared with Mg/9.3SiC [9]. This also translates into even lighter weight and further 
enhanced specific mechanical properties (see Tables 4.3.3).  
Study of uniaxially deformed fracture surfaces revealed the microstructural 
effects on tensile ductility and fracture properties of nano-Y2O3 dispersion 
strengthened pure magnesium. Typical brittle-ductile fracture features (Figure 4.3.2a) 
[52] with the presence of microscopically rough small steps has been seen in the case 
of Mg samples. However, fractography of nano-Y2O3 dispersion strengthened 
composite samples revealed salient features such as: (a) dimple shaped reduced size of 
brittle-ductile microscopic steps [52]) (see Figure 4.3.2b & c), (b) limited intergranular 
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crack propagation (typical for hexagonal metal to improve its ductility [80]), and (c) 
increasing amount of microcracks with increasing volume fraction of reinforcement. 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by basal 
slip system [52, 82]. Activation of non-basal slip system is necessary to modify typical 
cleavage crack propagation to failure with homogeneous plastic deformation to failure 
in pure magnesium matrix and it is apparent in the cases of nano-Y2O3 dispersion 
strengthened magnesium. Activation of nonbasal slip system in magnesium matrix due 
to the presence of reinforcement [20] and grain refinement [82] has been reported in 
open literature by other researchers. However, failure of tensile specimens 
immediately after yielding due to rapid intercrystalline crack propagation (see Figure 
4.3.2d) did not gave enough time to activate non-basal slip system in Mg/1.11Y2O3 
nanocomposite matrix. It is interesting to note that the brittle-ductile like fracture 
features of the plastically deforming magnesium metal matrix was refined to more 
dimple like feature with limited intergranular fracture dominated by formation, growth 
and coalescence of the microscopic voids supposedly with the activation of non-basal 
slip system in the presence of nano-size when nano-Y2O3 were present up to 0.66-
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5.4 PM Processed nano-Y2O3 Reinforced Composites 
5.4.1 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) grain size and shape, and 
(c) amount of porosity. 
The reasonably uniform distribution of reinforcement particulates (see Figure 
4.4.1a) can be attributed to: (a) suitable blending parameters and (b) high extrusion 
ratio used in secondary processing. Plastic flow associated with extrusion ratio of 20:1 
or higher improves the: (i) bond between matrix metal particulates by disrupting 
particulate oxide film allowing metal-metal contact, and (ii) reinforcement distribution 
by dispersing the clusters [7, 51]. 
Metallography of the extruded nanocomposite samples revealed the grain 
refinement with progressive amount of nano-Y2O3 reinforcement (see Table 4.4.1).  
Grain refinement in the nanocomposites can be attributed to the presence of enormous 
number of nano-Y2O3 dispersoids with the coupled effect of: (i) capability of nano-
Y2O3 to nucleate magnesium grains during recrystallization [70], and (ii) restriction of 
the growth of recrystallized magnesium grains as a result of pinning the grain 
boundaries [52]. The fundamental principles behind the ability of finer inclusions in 
the metallic-matrix to nucleate recrystallized grains and to inhibit grain growth have 
been well established. However, the result of grain size measurement revealed the 
0.66-volume percentage is upper limit of nano-Y2O3 particulates reinforcement for 
progressive grain refinement and beyond that increase in reinforcement amount has no 
further effect on grain refinement. This might be due to the relatively higher tendency 
of clustering of nano-Y2O3 particulates with an increase in their volume fraction [71]. 
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The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.4.1), can be attributed to the appropriate 
selection of compaction, sintering and extrusion parameters [7, 83].  
 
5.4.2 Mechanical Properties 
The results of hardness measurements revealed an increase in hardness (both 
the micro and bulk level) with the increase in amount of nano-Y2O3 (see Table 4.4.2). 
The marginal increase in hardness till 0.66-volume percentage and significant increase 
there after can be attributed primarily to: (a) the presence of harder ceramic particulates 
in the matrix [9, 15, 25], and (b) a higher constraint to the localized matrix deformation 
during indentation due to their presence. The results also suggest the existence of a 
threshold volume fraction of nano-Y2O3 to realize a significant increase in hardness. 
The results of room temperature tensile testing revealed marginal increase in 
0.2%YS and UTS (see  Table 4.4.2) of pure magnesium due to the presence of nano-
size Y2O3 as reinforcement and can primarily be attributed to the coupled effect of: (a) 
increase in grain boundary area due to grain refinement [52, 70], (b) heavily built 
multi-directional thermal stress at the particulate/matrix interface at grain boundaries 
induced due to the large difference of coefficient of thermal expansion between matrix 
and reinforcement (CTE of Mg is 27.1 x 10-6/0K [74], and Y2O3 is 7.5 x 10-6/0K [84], 
respectively), and (c) the effective transfer of applied tensile load to the uniformly 
distributed well-bonded strong Y2O3  particulates (yield strength of ceramic materials 
lies much higher than metallic materials [57]) [76]. It may be noted that, since density 
of thermally induced dislocation increases with decrease in reinforcement particulates 
size, the extremely finer Y2O3 with even such low volume percentages as used in this 
study can induce high dislocation density in the Mg/Y2O3 system [77]. In general, the 
yield stress of material is the stress required to operate dislocation sources and is 
 77Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan
Discussion 
governed by the dislocation density and magnitude of all the obstacles that restrict the 
motion of dislocation in the matrix. Under the applied stress, enormous number of 
reinforcement particulates acts as obstacles to the dislocation movement and end up 
with dislocation pile ups [60, 72]. Again, multi-directional thermal stress induced 
during processing easily starts multi-gliding system [78] under applied stress so that 
dislocations were found developing and moving in several directions. Multi-glide 
planes agglomerate under thermal and/or applied tensile stress to form grain boundary 
ledges [72]. As the applied tensile load increases, these ledges too act as obstacle to 
dislocation movement resulting in further pile-ups. The coupled effects of these 
obstacles lead to the significant increase in the yield strength of the composites over 
pure magnesium. However, results did not reveal any dependence of 0.2%YS on the 
variation on nano-Y2O3 content within the limits investigated in this study (up to 1.11-
vol%) and it might be the dislocation pile up at grain boundary ledges increases with 
the increasing presence of reinforcement which lead to early grain boundary cavitation 
and eventually led to decreasing 0.2%YS and even UTS as low as unreinforced 
magnesium in Mg/Y2O3 nanocomposite studied here but still remain comparable with 
unreinforced magnesium. Strengthening effect of submicron size Y2O3 particulates on 
magnesium has been reported much earlier [32]. 
Room temperature tensile test also revealed the capability of nano-size Y2O3 
particulates reinforcement to increase distinctly the ductility of pure magnesium. The 
increment in ductility of magnesium matrix due to presence of nano particulates can 
primarily be attributed to the coupled effect of: (a) significant grain refinement [80], 
(b) presence of reasonably uniformly distributed reinforcement particulates [60], and 
(c) supposedly slip on extra non-basal slip system [20]. Grain refinement particularly 
benefits hexagonal metals in ductility increment where intergranular fracture arises 
from intercrystalline stresses [80]. Again, dispersed phases in hexagonal metal matrix 
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with limited ductility, where dislocation mobility is restricted and crack generation is 
relatively easy, act as ductility enhancer, an anomaly to their effect in ductile matrix 
[60]. Dispersed reinforcement particulates in brittle metal matrix serve to: (i) provides 
sites where cleavage cracks may open ahead of an advancing crack front, (ii) dissipate 
the stress concentration which would otherwise exist at the crack front, and (iii) alter 
the local effective state of stress from plane strain to one of plane stress in the 
neighborhood of the crack tip. In addition, it has been understood through recent 
studies that non-basal slip system activates under axial tensile stress and increases 
ductility [20]. It is interesting to note that metallic particulate reinforcement like Ti 
[20, 36] and nano-size like Al2O3 and Y2O3 dispersoids in this study seems to be 
capable to activate non-basal slip system at room temperature in pure magnesium 
matrix and increases the ductility. Excessive increasing dislocation pile up at grain 
boundary ledges due to the increasing volume fraction of reinforcement lead to early 
initiation grain boundary cavitation and coalescence to microcracks and decrease 
ductility in the cases of Mg/Y2O3 nanocomposite (see Table 4.4.2) but still remain 
much higher than the unreinforced magnesium. Improvement in ductility of 
magnesium alloys exploiting very fine metastable secondary phase precipitation at 
grain boundaries has been reported earlier [37-39, 53]. 
The work of fracture expresses the ability of each material to absorb energy 
up to fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that Mg/Y2O3 composites are distinctly superior when compared to 
unreinforced magnesium (see Table 4.4.3) indicating that the presence of nano-Y2O3 
significantly improved the fracture resistance of matrix. In essence, the results of 
tensile testing revealed that the nano-Y2O3 can be used as the reinforcement in the 
magnesium for the development of materials for strength based designs (higher yield 
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strength when compared to magnesium) and damage tolerant designs (higher work of 
fracture when compared to magnesium) with good formability. 
Study of uniaxially deformed fracture surfaces revealed the microstructural 
response to the tensile load. Typical brittle-ductile fracture features (Figure 4.4.2a & b) 
[52] with the presence of microscopically rough small steps has been seen in Mg 
samples. However, fractography of nano-Y2O3 dispersion strengthened nanocomposite 
samples revealed salient features such as: (a) dimple shaped reduced size of brittle-
ductile microscopic steps [52]) (see Figure 4.4.2c & d), and (b) limited intergranular 
crack propagation (typical for hexagonal metal to improve its ductility [80]). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires near homogeneous 
deformation of matrix which is naturally restricted in hexagonal crystal structured 
magnesium by basal slip system [52, 82]. Presence of nano reinforcement and refined 
microstructure is believed to initiate the activation of non-basal slip system in the 
developed composite materials. Activation of nonbasal slip system in magnesium 
matrix due to the presence of reinforcement [20] and grain refinement [81] has been 
reported in open literature by other researchers. Again, presence of limited 
intergranular crack propagation in the fracture surfaces signifies improved plastic 
deformation in hexagonal crystal structured magnesium matrix. It is interesting to note 
that the brittle-ductile like fracture features of the plastically deforming magnesium 
metal matrix was refined to more dimple like feature with limited intergranular fracture 
dominated by formation, growth and coalescence of the microscopic voids supposedly 
with the activation of non-basal slip system in the presence of nano-Y2O3 particulates.  
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5.5 DMD Processed nano-ZrO2 Reinforced Composites 
5.5.1 Synthesis of Mg and Mg/ZrO2 Materials 
Synthesis of monolithic and reinforced Mg materials was successfully 
accomplished by DMD process followed by hot extrusion with: (a) minimal oxidation 
of magnesium, (b) absence of macropores and blowholes, and (c) no detectable 
reaction between graphite crucible and melts (Mg melt and Mg/ZrO2 composite 
slurries). The inert atmospheric condition used during melt processing, dispersion, 
deposition and solidification was instrumental in the prevention of reaction between 
air/oxygen and Mg melt.  The absence of macropores, blowholes, and segregation or 
agglomeration of reinforcement particulates due to the effect of gravity indicates the 
suitability of stirring conditions in the crucible and the realization of good 
solidification conditions during deposition. The absence of macropores and blowholes 
also suggests that the continuous flow of argon during the melting, stirring and 
deposition process did not lead to the entrapment of gases. The absence of reaction 
between Mg melt/composite slurries with the graphite crucible can be attributed 
primarily to the inability of magnesium to form stable carbides [7]. The results, in 
essence, indicate the feasibility of the DMD process as a potential fabrication 
technique for nano-ZrO2 containing Mg MMCs.  
 
5.5.2 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) reinforcement–matrix 
interfacial characteristics, (c) grain size and shape, and (d) amount of porosity.  
The reasonably uniform distribution of reinforcement particulates (Figure 
4.5.1a) can be attributed to: (a) limited agglomeration of reinforcement during melting 
of matrix due to uniform arrangement of raw materials in crucible for melting [17-18, 
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36], (b) minimal gravity-associated segregation due to judicious selection of stirring 
parameters [56], (c) good wetting of reinforcement by the matrix melt [54-55], and (d) 
disintegration of the composite slurry by argon jets, and subsequent deposition in 
metallic mold. Nano-size particulates are prone to clustering among themselves [71] 
and the effect is visible (see Figure 4.5.1b) in composite with higher volume 
percentage of ZrO2 particulates. However, almost zero standard deviation in density 
measurement results also reflect the uniform distribution of the reinforcement in 
processed materials. Interfacial integrity between matrix and reinforcement was 
assessed in terms of interfacial debonding and microvoids at the particulate-matrix 
interface and was found to be good as expected from metal/oxide systems [54, 55].  
Metallography of the extruded samples revealed that the matrix recrystallized 
completely. The sizes of the near-equiaxed grains of magnesium matrix in the case of 
composites samples were distinctly smaller with increasing presence of nano-ZrO2 
particulates when compared to that of unreinforced magnesium (see Figure 4.5.1 c & d 
and Table 4.5.1). Grain refinement in the case of composite samples can primarily be 
attributed to the coupled effects of: (i) capability of nano-ZrO2 particulates to nucleate 
magnesium grains during recrystallization [70], and (ii) restricted growth of 
recrystallized magnesium grains as a result of pinning by nano-ZrO2 particulates [52]. 
The fundamental principles behind the ability of inclusions in the metallic-matrix to 
nucleate recrystallized grains and to inhibit grain growth have been well established. 
The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.5.1), can be attributed to: (a) good 
compatibility between Mg and ZrO2 [54-55] and (b) the use of an appropriate 
extrusion ratio [7, 9, 17-18].  
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5.5.3 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of nano-ZrO2 leads to a significant increase in both the macrohardness and 
microhardness (see Table 4.5.2) of Mg and this can be attributed primarily to: (a) the 
presence of relatively harder ceramic particulates in the matrix [9, 15, 25], (b) a higher 
constraint to the localized matrix deformation during indentation due to their presence, 
and (c) reduced grain size (see Table 4.5.1) [72-73].  
Significant increase in 0.2%YS and UTS (see Table 4.5.2) of pure magnesium 
due to the presence of nano-ZrO2 as reinforcement can primarily be attributed to the 
coupled effect of: (a) increase in grain boundary area due to grain refinement [52, 70], 
(b) heavily built multi-directional thermal stress at the ZrO2/Mg interface at grain 
boundaries induced due to the large difference of coefficient of thermal expansion 
between matrix and reinforcement (CTE of Mg is 27.1 x 10-6/0K [74] and ZrO2 is 11.0 
x 10-6/0K [75], respectively), and (c) the effective transfer of applied tensile load to the 
uniformly distributed well-bonded strong oxide particulates (yield strength of ceramic 
materials lies much higher than metallic materials [57]) [76]. In general, the yield 
stress of material is the stress required to operate dislocation sources and is governed 
by the presence and magnitude of all the obstacles that restrict the motion of 
dislocation in the matrix. Under the applied stress, increasing amount of grain 
boundaries acts as obstacle to the dislocation movement and end up with dislocation 
pile up at the grain boundary region [60, 72]. Again, multi-directional thermal stress 
induced during processing easily starts multi-gliding system [78] under applied stress 
so that dislocations were found developing and moving in several directions. Multi-
glide planes agglomerate under thermal and/or applied tensile stress to form grain 
boundary ledges [72]. As the applied tensile load increases, these ledges act as obstacle 
to dislocation movement resulting in pile-ups. The coupled effects of these two 
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obstacles lead to the significant increase in the yield strength of the nanocomposites 
over pure magnesium. Trend of increasing 0.2%YS and UTS with increasing volume 
percentage of reinforcements was realized up to 0.66 percentage of nano-ZrO2. In the 
case of Mg/1.11ZrO2 the trend of 0.2%YS and UTS increment was compromised and 
it is believed to be due to increasing presence of reinforcements clustering (see Figure 
4.5.1b). However, 0.2%YS and UTS of all the developed materials in this study 
remained significantly higher than: (a) those of pure magnesium and (b) magnesium 
based composites containing much higher volume percentage of micron-sized ceramic 
reinforcements (see Table 4.5.2). 
Compared to Mg samples, ductility of nanocomposites reduced with the 
presence of nano-ZrO2 which is contrary to the reported effect of nano-size oxide 
reinforcement like Al2O3 and Y2O3 in this study and by others in reference [6]. 
Effective realization of ductility improvement of hexagonal magnesium due to nano-
oxide reinforcement could not achieved due to dominance of intergranular fracture 
mode (see Figure 4.5.2b) with the presence of large numbers of microcracks in 
composite matrices. In addition it also supposedly failed to activate non-basal slip 
system which was one of the major contributors of ductility increments in nano-oxide 
particulates reinforced magnesium. It may be noted that ductility values of the 
nanocomposites synthesized in this study remained comparable to magnesium based 
composites containing micron sized reinforcement (see Table 4.5.2). 
However, the results of tensile testing revealed that the nano-ZrO2 can be used 
as the reinforcement in the magnesium for the development of materials for strength 
based designs i.e., higher yield strength when compared to magnesium. The lower 
volume fraction used translates into even lighter weight and further enhanced specific 
mechanical properties (see Table 4.5.3). Moreover, the results revealed that addition of 
0.22 and 0.66 volume percent of nano-size ZrO2 lead to an improvement in overall 
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combination of mechanical properties that is not matched even by magnesium based 
composite containing much higher volume percentage of micron size SiC particulates 
(see Tables 4.5.2 & 4.5.3). 
The study of uniaxially deformed fracture surfaces revealed the 
microstructural effects on tensile ductility and fracture properties of nano-ZrO2 
dispersion strengthened pure magnesium. Typical brittle-ductile fracture features 
(Figure 4.5.2a) [52] with the presence of microscopically rough small steps has been 
seen in the case of Mg samples. However, fractography of nano-ZrO2 dispersion 
strengthened composite samples revealed the dominating intergranular fracture mode 
(see Figure 4.5.2b) due to the presence of nano-ZrO2 particulates. However, presence 
of higher percentage of microcracks had cumulative effect to overrule the positive 
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5.6 PM Processed nano-ZrO2 Reinforced Composites 
5.6.1 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) grain size and shape, and 
(c) amount of porosity. 
The reasonably uniform distribution of reinforcement particulates (see Figure 
4.6.1a) can be attributed to: (a) suitable blending parameters and (b) high extrusion 
ratio used in secondary processing. Plastic flow associated with extrusion ratio of 20:1 
or higher improves the: (i) bond between matrix metal particulates by disrupting 
particulate oxide film allowing metal-metal contact, and (ii) reinforcement distribution 
by dispersing the clusters [7, 51]. 
Metallography of the extruded samples revealed the significant grain 
refinement due to the incorporation of nano-ZrO2 as reinforcement (see Table 4.6.1). 
Grain refinement in the nanocomposites can be attributed to the presence of enormous 
number of nano-ZrO2 dispersoids with the coupled effect of: (i) capability of nano-
ZrO2 to nucleate magnesium grains during recrystallization [70], and (ii) restricted 
growth of recrystallized magnesium grains as a result of pinning by nano-ZrO2 
particulates [52]. The fundamental principles behind the ability of finer inclusions in 
the metallic-matrix to nucleate recrystallized grains and to inhibit grain growth have 
been well established. However, the result of grain size measurement did not reveal 
any dependence on the variation of the nano-ZrO2 content within the limits 
investigated in this study (up to 1.11vol %) and it might be due to the relatively higher 
tendency of clustering of nano-ZrO2 particulates with an increase in their volume 
fraction [71].  
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The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.6.1), can be attributed to the appropriate 
selection of compaction, sintering and extrusion parameters [7, 83].  
 
5.6.2 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of nano-ZrO2 reinforcement lead to a marginal increase in both the 
microhardness and macrohardness (see Table 4.6.2) of Mg and can be attributed 
primarily to: (a) the presence of relatively harder ceramic particulates in the matrix [9, 
15, 25], (b) a higher constraint to the localized matrix deformation during indentation 
due to their presence, and (c) reduced grain size (see Table 4.6.1) [72-73]. Macro 
hardness in the case of Mg/1.11ZrO2 has relative decrease beyond 0.66-volume 
percentage and might be due to clustering of reinforcement.  It may also be noted that 
hardness trend obtained are similar to the findings reported for ceramic reinforced 
magnesium matrices when the reinforcement is in the micrometer and nanometer 
length scale [9, 15, 25]. 
The results of tensile properties characterization revealed that presence of 
nano-ZrO2 particulates in the magnesium matrix did not affect 0.2% YS and reduced 
UTS (see Table 4.6.2) in Mg/0.22ZrO2 nanocomposite. The similar values of 0.2% YS 
obtained in the case of unreinforced and reinforced samples indicated that the presence 
of nano-ZrO2 particulates within the limits of 0.22 volume percent and reduction in 
grain size as a result of presence of nano-ZrO2 particulates were not sufficient to 
realize the substantial increase in the resistance of material towards deformation up to 
a strain level of 0.002. The reduction in UTS can primarily be attributed to the reduced 
cavitation resistance of magnesium matrix due to the combined presence of porosity 
and nano-ZrO2 particulates. Increase in volume fraction (i.e., 0.66 and 1.11) improved 
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the resistance of materials towards deformation and improved marginally the 0.2%YS, 
however, early cavitation for excessive dislocation pile up outweighed the advantage 
of reinforcement to UTS and it remain comparably unchanged from unreinforced 
magnesium in Mg/0.66ZrO2 and Mg/1.11ZrO2 nanocomposite. Reduction in tensile 
strength of powder metallurgy processed nano-ZrO2 particulates reinforced pure 
magnesium is reported earlier by Unverricht et al. [25]. 
Room temperature tensile test also revealed the capability of nano-size ZrO2 
particulates reinforcement to increase the ductility of pure magnesium. The increment 
in ductility of magnesium matrix due to presence of nano particulates can primarily be 
attributed to the coupled effect of: (a) grain refinement [80], and (b) presence of 
reasonably uniformly distributed reinforcement particulates [60], Grain refinement 
particularly benefits hexagonal metals in ductility increment where intergranular 
fracture arises from intercrystalline stresses [80]. Again, dispersed phases in hexagonal 
metal matrix with limited ductility, where dislocation mobility is restricted and crack 
generation is relatively easy, act as ductility enhancer, an anomaly to their effect in 
ductile matrix [60]. Dispersed reinforcement particulates in brittle metal matrix serve 
to: (i) provides sites where cleavage cracks may open ahead of an advancing crack 
front, (ii) dissipate the stress concentration which would otherwise exist at the crack 
front, and (iii) alter the local effective state of stress from plane strain to one of plane 
stress in the neighborhood of the crack tip.  Clustering of nano-ZrO2 particulates might 
have adversely affected further increment of ductility when added in amount more than 
0.66-volume percentage in the case of Mg/1.11ZrO2 nanocomposite. Increase in 
ductility of powder metallurgy processed pure magnesium exploiting nano-ZrO2 
particulates has been reported earlier [25]. 
The work of fracture expresses the ability of material to absorb energy up to 
fracture under tensile load and was computed using stress-strain diagram [52]. It 
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reveals that Mg/ZrO2 nanocomposites are distinctly superior when compared to 
unreinforced magnesium (see Table 4.6.3) indicating that the presence of nano-ZrO2 
significantly improved the fracture resistance of matrix. In essence, the results of 
tensile testing revealed that the nano-ZrO2 can be used as the reinforcement in the 
magnesium for the development of materials for strength based designs (higher yield 
strength when compared to magnesium) and damage tolerant designs (higher work of 
fracture when compared to magnesium) with good formability. 
Study of uniaxially deformed fracture surfaces revealed the microstructural 
effects on tensile ductility and fracture properties of nano-ZrO2 dispersion strengthened 
pure magnesium. Typical brittle-ductile fracture features (Figure 4.6.2a & b) [52] with 
the presence of microscopically rough small steps has been seen in the case of Mg 
samples. However, fractography of nano-Al2O3 dispersion strengthened composite 
samples revealed salient features such as: (a) dimple shaped reduced size of brittle-
ductile microscopic steps [52]) (see Figure 4.6.2c & d), (b) limited intergranular crack 
propagation (typical for hexagonal metal to improve its ductility [80]), and (c) 
branching of propagating crack at reinforcement particulates (typical way to improve 
ductility of metal with hexagonal crystal structure [60]). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by basal 
slip system [52, 82]. Activation of non-basal slip system is necessary and presence of 
nano-size oxide reinforcement and refined microstructure is believed to initiate the 
activation of non-basal slip system in the developed composite materials. Activation of 
nonbasal slip system in magnesium matrix due to the presence of reinforcement [20] 
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and grain refinement [81] has been reported in open literature by other researchers. 
Again, presence of limited intergranular crack propagation and dissipation of stress 
concentration by branching the propagating crack tip in the fracture surfaces signifies 
improved plastic deformation in hexagonal crystal structured magnesium matrix. It is 
interesting to note that the brittle-ductile like fracture features of the plastically 
deforming magnesium metal matrix was refined to more dimple like feature with 
limited intergranular fracture dominated by formation, growth and coalescence of the 
microscopic voids supposedly with the activation of non-basal slip system in the 
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5.7 DMD Processed 0.3µm-Al2O3 Reinforced Composites 
5.7.1 Synthesis of Mg and Mg/Al2O3 Materials 
Synthesis of monolithic and reinforced Mg materials was successfully 
accomplished by DMD process followed by hot extrusion with: (a) minimal oxidation 
of magnesium, (b) absence of macropores and blowholes, and (c) no detectable 
reaction between graphite crucible and melts (Mg melt and Mg/Al2O3 composite 
slurry). The inert atmospheric condition used during melt processing, dispersion, 
deposition and solidification was instrumental in the prevention of reaction between 
air/oxygen and Mg melt.  The absence of macropores, blowholes, and segregation or 
agglomeration of reinforcement particulates due to the effect of gravity indicates the 
suitability of stirring conditions in the crucible and the realization of good 
solidification conditions during deposition. The absence of macropores and blowholes 
also suggests that the continuous flow of argon during the melting, stirring and 
deposition process did not lead to the entrapment of gases. The absence of reaction 
between Mg melt/composite slurry with the graphite crucible can be attributed 
primarily to the inability of magnesium to form stable carbides [7]. The results, in 
essence, indicate the feasibility of the DMD process as a potential fabrication 
technique for 0.3µm-size Al2O3 reinforced Mg MMCs. 
 
5.7.2 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) reinforcement–matrix 
interfacial characteristics, (c) grain size and shape, and (d) amount of porosity.  
The reasonably uniform distribution of reinforcement particulates (Figure 
4.7.1a) can be attributed to: (a) limited agglomeration of reinforcement during melting 
of matrix due to uniform arrangement of raw materials in crucible for melting [17-18, 
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36], (b) minimal gravity-associated segregation due to judicious selection of stirring 
parameters [56], (c) good wetting of reinforcement by the matrix melt [54], and (d) 
disintegration of the composite slurry by argon jets, and subsequent deposition in 
metallic mold. Almost zero standard deviation in density measurement results also 
reflect the uniform distribution of the reinforcement in processed materials. Interfacial 
integrity between matrix and reinforcement as expected was good due to limited 
reaction [17-18, 54] and was assessed in terms of interfacial debonding and voids at 
the particulate-matrix interface (see Figure 4.7.1b).  
Metallography of the extruded samples revealed that the matrix recrystallized 
completely. The sizes of the near-equiaxed grains of magnesium matrix in the case of 
composite samples were distinctly smaller when compared to that of unreinforced 
magnesium (see Figures. 4.7.1b & c and Table 4.7.1). Grain refinement in the case of 
composite samples can primarily be attributed to the coupled effects of: (i) capability 
of submicron-size Al2O3 particulates to nucleate magnesium grains during 
recrystallization [70], and (ii) restricted growth of recrystallized magnesium grains as a 
result of pinning by submicron-size Al2O3 particulates [52]. The fundamental 
principles behind the ability of inclusions in the metallic-matrix to nucleate 
recrystallized grains and to inhibit grain growth have been well established. However, 
the result of grain size measurement did not reveal dependence on the variation of the 
Al2O3 content within the limits investigated in this study (up to 2.49-vol %) and it 
might be due to the relatively higher tendency of clustering of Al2O3 particulates with 
an increase in their volume fraction (see Figure 4.7.1a). 
The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.7.1), can be attributed to: (a) good 
compatibility between Mg and Al2O3 [54], and (b) the use of an appropriate extrusion 
ratio [7, 9, 17-18].  
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5.7.3 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of 0.3µm-size Al2O3 reinforcement lead to significant increase in the 
hardness (both in micro and bulk level) of the metallic matrix of Mg/Al2O3 composites 
(see Table 4.7.2). The hardness increment can be attributed primarily to: (a) the 
presence of relatively harder ceramic particulates in the matrix [9, 15, 25], (b) a higher 
constraint to the localized matrix deformation during indentation due to their presence, 
and (c) reduced grain size (see Table 4.7.1) [72-73]. The hardness results obtained in 
the present study are similar to the findings reported for ceramic reinforced magnesium 
matrices [9-10].  
The results of room temperature tensile testing revealed significant increase in 
0.2%YS and UTS (see Table 4.7.2) of pure magnesium due to the presence of 0.3µm-
size Al2O3 as reinforcement and can primarily be attributed to the coupled effect of: (a) 
increase in grain boundary area due to grain refinement [52, 70], (b) heavily built 
multidirectional thermal stress at the particulate/matrix interface at grain boundaries 
induced due to the large difference of coefficient of thermal expansion between matrix 
and reinforcement (CTE of Mg is 27.1 x 106/0K [74], and Al2O3 is 7.4 x 106/0K [75], 
respectively), and (c) the effective transfer of applied tensile load to the uniformly 
distributed well-bonded strong Al2O3  particulates (yield strength of ceramic materials 
lies much higher than metallic materials [57]) [76]. It may be noted that, since density 
of thermally induced dislocation increase with decrease in reinforcement particulates 
size, the 0.3µm-size Al2O3 with such volume percentages as used in this study can 
induce high dislocation density in the Mg/Al2O3 system [77]. In general, the yield 
stress of material is the stress required to operate dislocation sources and is governed 
by the dislocation density and magnitude of all the obstacles that restrict the motion of 
dislocation in the matrix. Under the applied stress, enormous number of reinforcement 
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particulates and increasing amount of grain boundaries (due to significant grain 
refinement) acts as obstacles to the dislocation movement and end up with dislocation 
pile ups [60, 72]. Again, multidirectional thermal stress induced during processing 
easily starts multi-gliding system [78] under applied stress so that dislocations were 
found developing and moving in several directions. Multi-glide planes agglomerate 
under thermal and/or applied tensile stress to form grain boundary ledges [72]. As the 
applied tensile load increases, these ledges too act as obstacle to dislocation movement 
resulting in further pileups. The coupled effects of these obstacles lead to the 
significant increase in the yield strength of the composites over pure magnesium. 
However, the marginal changes in strength with progressive presence of reinforcement 
suggest that grain refinement is dominating as strengthening mechanism. 
Strengthening effect of fine Al2O3 particulates on metals like aluminum, copper and 
nickel has been reported much earlier [79]. 
Room temperature tensile test also revealed the capability of 0.3µm-size 
Al2O3 particulates reinforcement to increase the ductility of pure magnesium when 
present in lower volume percentage (in the case of Mg/0.66Al2O3) but adversely 
affected with their increasing presence (in the cases of Mg/1.11Al2O3 and 
Mg/2.49Al2O3) (see Table 4.7.2). The increment in ductility of magnesium matrix due 
to presence of 0.3µm-size particulates in the range of 0.00-1.11-volume percentage can 
primarily be attributed to the coupled effect of: (a) grain refinement [80], (b) presence 
of reasonably uniformly distributed reinforcement particulates [60], and (c) supposedly 
slip on extra non-basal slip system [20].  Grain refinement particularly benefits 
hexagonal metals in ductility increment where intergranular fracture arises from 
intercrystalline stresses [80]. Again, dispersed phases in hexagonal metal matrix with 
limited ductility, where dislocation mobility is restricted and crack generation is 
relatively easy, act as ductility enhancer, an anomaly to their effect in ductile matrix 
 94Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan
Discussion 
[60]. Dispersed reinforcement particulates in brittle metal matrix serve to: (i) provides 
sites where cleavage cracks may open ahead of an advancing crack front, (ii) dissipate 
the stress concentration which would otherwise exist at the crack front (see Figure 
4.7.2d), and (iii) alter the local effective state of stress from plane strain to one of plane 
stress in the neighborhood of the crack tip. In addition, it has been understood through 
recent studies that non-basal slip system activates under axial tensile stress and 
increases ductility [20].  Metallic particulate reinforcement like Ti [20, 36], and finer 
ceramic oxide particulate dispersoids like Al2O3, Y2O3 and ZrO2 in this study seems to 
be capable to activate non-basal slip system at room temperature in pure magnesium 
matrix and increases the ductility. Improvement in ductility of magnesium alloys 
exploiting very fine metastable secondary phase precipitation at grain boundaries has 
reported earlier [37-39, 53]. However, effective realization of the developments in the 
fracture mode was overruled by the presence of large numbers of microcracks in 
composite matrices with increasing amount (>1.11-volume percentage) of 
reinforcements. It should be noted that, particulate/clusters associated porosity 
increases with the amount of ceramic particulates and can serve as a site to initiate 
cavitation which lead to microcracks in metal matrix composite [9-10]. For the current 
metal-ceramic system, 0.66-volume percentage appeared to be best for realization of 
superior ductility. 
The work of fracture expresses the ability of material to absorb energy up to 
fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that 0.3µm-size Al2O3 reinforced composites containing up to 1.11-volume 
percentage of Al2O3 are distinctly superior when compared to unreinforced magnesium 
(see Table 4.7.3). In essence, the results of tensile testing revealed that the submicron-
size Al2O3 reinforcement can be used in the magnesium up to 2.49-volume percentage 
for the development of materials for strength based designs (higher yield strength when 
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compared to magnesium) and up to 1.11-volume percentage for the development of 
materials for damage tolerant designs (higher work of fracture when compared to 
magnesium) with good formability. 
The results further revealed 0.2% YS and UTS, and ductility of these 
composites remained much superior even when compared to magnesium reinforced 
with much higher volume percentage of micron-size SiCP. This also translates into 
even lighter weight and further enhanced specific mechanical properties. 
Study of uniaxially deformed fracture surfaces revealed the microstructural 
effects on tensile ductility and fracture properties of submicron-size Al2O3 dispersion 
strengthened pure magnesium. Typical brittle-ductile fracture feature (Figure 4.7.2a) 
[52] with the presence of microscopically rough small steps has been seen in the case 
of Mg samples. However, fractography of 0.3µm-size Al2O3 dispersion strengthened 
composite samples revealed salient features such as: (a) dimple shaped reduced size of 
brittle-ductile microscopic steps(Figure 4.7.2b & c) [52], (b) limited intergranular 
crack propagation (typical for hexagonal metal to improve its ductility [80]), and (c) 
arrest of advanced microcracks (typical way to improve ductility of metal with 
hexagonal crystal structure [60]) (see Figure 4.7.2d). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by basal 
slip system [52, 82]. and activation of nonbasal slip system is necessary and it is 
apparent in the cases of submicron-size Al2O3 dispersion strengthened magnesium. 
Presence of 0.3µm-size oxide reinforcement and refined microstructure is believed to 
initiate the activation of nonbasal slip system in the developed composite materials. 
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Activation of nonbasal slip system in magnesium matrix due to the presence of 
reinforcement [20] and grain refinement [81] has been reported in open literature by 
other researchers. Again, presence of limited intergranular crack propagation and 
dissipation of stress concentration by arrest of the propagating crack tip in the fracture 
surfaces signifies improved plastic deformation in hexagonal crystal structured 
magnesium matrix. It is interesting to note that the brittle-ductile like fracture features 
of the plastically deforming magnesium metal matrix was refined to more dimple like 
feature with limited intergranular fracture dominated by formation, growth and 
coalescence of the microscopic voids supposedly with the activation of non-basal slip 
system in the presence of 0.3µm-size Al2O3 particulates. However, presence of 
increasingly large numbers of microcracks in matrices with the increasing volume 
fraction of submicron-size Al2O3 reinforcement was also observed and may be the 
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5.8 PM Processed 0.3µm-Al2O3 Reinforced Composites 
5.8.1 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) grain size and shape, and 
(c) amount of porosity. 
The reasonably uniform distribution of reinforcement particulates (see Figure 
4.8.1a) can be attributed to: (a) suitable blending parameters and (b) high extrusion 
ratio used in secondary processing. Plastic flow associated with extrusion ratio of 20:1 
or higher improves the: (i) bond between matrix metal particulates by disrupting 
particulate oxide film allowing metal-metal contact, and (ii) reinforcement distribution 
by dispersing the clusters [7, 51]. 
Metallography of the extruded samples revealed that the matrix recrystallized 
completely. The sizes of the near-equiaxed grains of magnesium matrix in the case of 
composite samples were distinctly smaller when compared to that of unreinforced 
magnesium (see Figures. 4.8.1b & c and Table 4.8.1). Grain refinement in the case of 
composite samples can primarily be attributed to the coupled effects of: (i) capability 
of 0.3µm-size Al2O3 particulates to nucleate magnesium grains during recrystallization 
[70], and (ii) restricted growth of recrystallized magnesium grains as a result of 
pinning by 0.3µm-size Al2O3 particulates [52]. The fundamental principles behind the 
ability of inclusions in the metallic-matrix to nucleate recrystallized grains and to 
inhibit grain growth have been well established. The results also revealed the 1.11-
volume fraction as the upper limit of 0.3µm-size Al2O3 particulates reinforcement for 
grain refinement of pure magnesium matrix processed using the parameters in this 
study and it is believed to be due to clustering of reinforcement when they are present 
in higher volume percentage. 
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The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.8.1), can be attributed to the appropriate 
selection of compaction, sintering and extrusion parameters [7, 83].  
 
5.8.2 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of 0.3µm-size Al2O3 reinforcement lead to an increase in the hardness (both 
in micro and bulk level) of the metallic matrix of Mg/Al2O3 composites (see Table 
4.8.2). The hardness increment can be attributed primarily to: (a) the presence of 
relatively harder ceramic particulates in the matrix [9, 15, 25], (b) a higher constraint 
to the localized matrix deformation during indentation due to their presence, and (c) 
reduced grain size (see Table 4.8.1) [72-73]. The hardness results obtained in the 
present study are similar to the findings reported for ceramic reinforced magnesium 
matrices [9-10]. 
The results of room temperature tensile testing revealed significant increase in 
0.2%YS and UTS (see  Table 4.8.2) of pure magnesium due to the presence of 0.3µm-
size Al2O3 as reinforcement and can primarily be attributed to the coupled effect of: (a) 
increase in grain boundary area due to grain refinement [52, 70], (b) heavily built 
multi-directional thermal stress at the particulate/matrix interface at grain boundaries 
induced due to the large difference of coefficient of thermal expansion between matrix 
and reinforcement (CTE of Mg is 27.1 x 10-6/0K [74], and Al2O3 is 7.4 x 10-6/0K [75], 
respectively), and (b) the effective transfer of applied tensile load to the uniformly 
distributed well-bonded strong Al2O3  particulates (yield strength of ceramic materials 
lies much higher than metallic materials [57]) [76]. It may be noted that, since density 
of thermally induced dislocation increases with decrease in reinforcement particulates 
size, the 0.3µm-size Al2O3 with low volume percentages as used in this study can 
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induce high dislocation density in the Mg/Al2O3 system [77]. In general, the yield 
stress of material is the stress required to operate dislocation sources and is governed 
by the dislocation density and magnitude of all the obstacles that restrict the motion of 
dislocation in the matrix. Under the applied stress, enormous number of reinforcement 
particulates acts as obstacles to the dislocation movement and end up with dislocation 
pile ups [60, 72]. Again, multi-directional thermal stress induced during processing 
easily starts multi-gliding system [78] under applied stress so that dislocations were 
found developing and moving in several directions. Multi-glide planes agglomerate 
under thermal and/or applied tensile stress to form grain boundary ledges [72]. As the 
applied tensile load increases, these ledges too act as obstacle to dislocation movement 
resulting in further pile-ups. The coupled effects of these obstacles lead to the 
significant increase in the yield strength of the composites over pure magnesium. 
Dislocation pile up at grain boundary ledges increases with the increasing presence of 
reinforcement which lead to early grain boundary cavitations which compromised to 
strengthening effect of grain refinement to a relative decrease in both the 0.2%YS and 
UTS in the cases of Mg/1.11Al2O3 and Mg/2.49Al2O3 composites but still remain 
significantly higher when compared with unreinforced pure magnesium. Strengthening 
effect of fine Al2O3 particulates on metals like aluminum, copper and nickel has been 
reported much earlier [79]. 
Room temperature tensile test also revealed the capability of submicron-size 
Al2O3 particulates reinforcement to increase the ductility of pure magnesium. The 
increment in ductility of magnesium matrix due to presence of submicron-size 
particulates can primarily be attributed to the coupled effect of: (a) significant grain 
refinement [80], and (b) presence of reasonably uniformly distributed reinforcement 
particulates [60]. Grain refinement particularly benefits hexagonal metals in ductility 
increment where intergranular fracture arises from intercrystalline stresses [80]. Again, 
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dispersed phases in hexagonal metal matrix with limited ductility, where dislocation 
mobility is restricted and crack generation is relatively easy, act as ductility enhancer, 
an anomaly to their effect in ductile matrix [60]. Dispersed reinforcement particulates 
in brittle metal matrix serve to: (i) provides sites where cleavage cracks may open 
ahead of an advancing crack front, (ii) dissipate the stress concentration which would 
otherwise exist at the crack front (see Figure 4.8.2d), and (iii) alter the local effective 
state of stress from plane strain to one of plane stress in the neighborhood of the crack 
tip. In addition, it has been understood through recent studies that non-basal slip 
systems activate under axial tensile stress and increases ductility [20]. It is interesting 
to note that metallic particulate reinforcement like Ti [20, 36] and finer ceramic oxide 
particulate dispersoids like Al2O3, Y2O3 and ZrO2 in this study seems to be capable to 
activate non-basal slip system at room temperature in pure magnesium matrix and 
increases the ductility. However, the results did not reveal any dependence of ductility 
on the variation of Al2O3 till it reaches 2.49 volume percentages where debonding of 
reinforcement particulates contribute to a relatively marginal decrease in ductility but 
still remain significantly higher when compared with unreinforced pure magnesium. 
The work of fracture expresses the ability of each material to absorb energy 
up to fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that Mg/Al2O3 composites are distinctly superior when compared to 
unreinforced magnesium (see Table 4.8.3) indicating that the presence of submicron-
size Al2O3 particulates significantly improved the fracture resistance of matrix. In 
essence, the results of tensile testing revealed that the submicron-size Al2O3 
particulates can be used as the reinforcement in the magnesium for the development of 
materials for strength based designs (higher yield strength when compared to 
magnesium) and damage tolerant designs (higher work of fracture when compared to 
magnesium) with good formability.  
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The results revealed that addition of 0.66-volume percent of submicron-size 
Al2O3 lead to an improvement in overall combination of mechanical properties that is 
not matched even by AZ91/SiC containing much higher volume percentage of micron 
size SiC particulates (see Tables 4.8.2 and 4.8.3). This also translates into even much 
lighter weight and further enhanced specific mechanical properties (see Table 4.8.3).  
Study of uniaxially deformed fracture surfaces revealed the microstructural 
effects on tensile ductility and fracture properties of submicron-size Al2O3 dispersion 
strengthened pure magnesium. Typical brittle-ductile fracture features (Figure 4.8.2a & 
b) [52] with the presence of microscopically rough small steps has been seen in the 
case of Mg samples. However, fractography of 0.3µm-size Al2O3 dispersion 
strengthened composite samples revealed salient features such as: (a) dimple shaped 
reduced size of brittle-ductile microscopic steps [52] (see Figure 4.8.2c & d), (b) 
limited intergranular crack propagation (typical for hexagonal metal to improve its 
ductility [80]), and (c) arrest of advanced microcracks (typical way to improve 
ductility of metal with hexagonal crystal structure [60]). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by 
basal slip system [52, 82]. Activation of nonbasal slip system is necessary and it is 
apparent in the cases of submicron-size Al2O3 dispersion strengthened magnesium. 
Activation of nonbasal slip system in magnesium matrix due to the presence of 
reinforcement [20] and grain refinement [81] has been reported in open literature by 
other researchers. Again, presence of limited intergranular crack propagation and 
dissipation of stress concentration by arrest of the propagating crack tip in the fracture 
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surfaces signifies improved plastic deformation in hexagonal crystal structured 
magnesium matrix. It is interesting to note that the brittle-ductile like fracture features 
of the plastically deforming magnesium metal matrix was refined to more dimple like 
feature with limited intergranular fracture dominated by formation, growth and 
coalescence of the microscopic voids supposedly with the activation of non-basal slip 
system in the presence of 0.3µm-size Al2O3 particulates. However, presence of 
increasingly large numbers of microcracks in composite matrices also observed with 
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5.9 DMD Processed 1µm-Al2O3 Reinforced Composites 
5.9.1 Synthesis of Mg and Mg/Al2O3 Materials 
Synthesis of monolithic and reinforced Mg materials was successfully 
accomplished by DMD process followed by hot extrusion with: (a) minimal oxidation 
of magnesium, (b) absence of macropores and blowholes, and (c) no detectable 
reaction between graphite crucible and melts (Mg melt and Mg/Al2O3 composite 
slurry). The inert atmospheric condition used during melt processing, dispersion, 
deposition and solidification was instrumental in the prevention of reaction between 
air/oxygen and Mg melt.  The absence of macropores, blowholes, and segregation or 
agglomeration of reinforcement particulates due to the effect of gravity indicates the 
suitability of stirring conditions in the crucible and the realization of good 
solidification conditions during deposition. The absence of macropores and blowholes 
also suggests that the continuous flow of argon during the melting, stirring and 
deposition process did not lead to the entrapment of gases. The absence of reaction 
between Mg melt/composite slurry with the graphite crucible can be attributed 
primarily to the inability of magnesium to form stable carbides [7]. The results, in 
essence, indicate the feasibility of the DMD process as a potential fabrication 
technique for 1µm-size Al2O3 reinforced Mg MMCs. 
 
5.9.2 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) reinforcement–matrix 
interfacial characteristics, (c) grain size and shape, and (d) amount of porosity.  
The reasonably uniform distribution of reinforcement particulates (Figure 
4.9.1a) can be attributed to: (a) limited agglomeration of reinforcement during melting 
of matrix due to uniform arrangement of raw materials in crucible for melting [17-18, 
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36], (b) minimal gravity-associated segregation due to judicious selection of stirring 
parameters [56], (c) good wetting of reinforcement by the matrix melt [54], and (d) 
disintegration of the composite slurry by argon jets, and subsequent deposition in 
metallic mold. Almost zero standard deviation in density measurement results also 
reflect the uniform distribution of the reinforcement in processed materials. Interfacial 
integrity between matrix and reinforcement as expected was good due to limited 
reaction [17-18, 54] and was assessed in terms of interfacial debonding and voids at 
the particulate-matrix interface (see Figure 4.9.1a).  
Metallography of the extruded samples revealed that the matrix recrystallized 
completely. The sizes of the near-equiaxed grains of magnesium matrix in the case of 
composite samples were distinctly smaller when compared to that of unreinforced 
magnesium (see Figures 4.7.1b & c and Table 4.9.1). Grain refinement in the case of 
composite samples can primarily be attributed to the coupled effects of: (i) capability 
of 1µm-size Al2O3 particulates to nucleate magnesium grains during recrystallization 
[70], and (ii) restricted growth of recrystallized magnesium grains as a result of 
pinning by finer Al2O3 particulates [52]. The fundamental principles behind the ability 
of inclusions in the metallic-matrix to nucleate recrystallized grains and to inhibit grain 
growth have been well established. However, the result of grain size measurement 
revealed the 1.11-volume percentage is upper limit of 1µm-size Al2O3 particulates 
reinforcement for progressive grain refinement and beyond that increase in 
reinforcement has no further effect on grain refinement and this might be due to the 
relatively higher tendency of clustering with their increasing presence. 
The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.9.1), can be attributed to: (a) good 
compatibility between Mg and Al2O3 [54], and (b) the use of an appropriate extrusion 
ratio [7, 9, 17-18].  
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5.9.3 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of 1µm-size Al2O3 reinforcement lead to an increase in the hardness (both 
in micro and bulk level) of the metallic matrix of Mg/Al2O3 composites (see Table 
4.9.2). The hardness increment can be attributed primarily to: (a) the presence of 
relatively harder ceramic particulates in the matrix [9, 15, 25], (b) a higher constraint to 
the localized matrix deformation during indentation due to their presence, and (c) 
reduced grain size (see Table 4.9.1) [72-73]. However, relatively lower hardness, when 
compare to other composites with 1µm size Al2O3 reinforcement studied, believe to be 
due to reinforcement clustering. However, the results revealed an increasing trend in 
hardness of nanocomposites with reinforcement up to 1.11-volume percentage and 
above that hardness value reduced (although still remain much higher than the 
unreinforced matrix material) perhaps due coupled effect of relative increasing 
presence of porosity (see Table 4.9.1) and clustering of reinforcement particulates in 
the case of Mg/2.49Al2O3 nanocomposite. The hardness results obtained in the present 
study are similar to the findings reported for ceramic reinforced magnesium matrices 
[9-10].  
The results of room temperature tensile testing revealed significant increase in 
0.2%YS and UTS (see  Table 4.9.2) of pure magnesium due to the presence of 1µm-
size Al2O3 as reinforcement and can primarily be attributed to the coupled effect of: (a) 
increase in grain boundary area due to grain refinement [52, 70], (b) heavily built 
multidirectional thermal stress at the particulate/matrix interface at grain boundaries 
induced due to the large difference of coefficient of thermal expansion between matrix 
and reinforcement (CTE of Mg is 27.1 x 106/0K [74], and Al2O3 is 7.4 x 106/0K [75], 
respectively), and (c) the effective transfer of applied tensile load to the uniformly 
distributed well-bonded strong Al2O3  particulates (yield strength of ceramic materials 
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lies much higher than metallic materials [57]) [76]. In general, the yield stress of 
material is the stress required to operate dislocation sources and is governed by the 
dislocation density and magnitude of all the obstacles that restrict the motion of 
dislocation in the matrix. Under the applied stress, reinforcement particulates and 
increasing amount of grain boundaries (due to significant grain refinement) acts as 
obstacles to the dislocation movement and end up with dislocation pile ups [60, 72]. 
Again, multidirectional thermal stress induced during processing easily starts multi-
gliding system [78] under applied stress so that dislocations were found developing 
and moving in several directions. Multi-glide planes agglomerate under thermal and/or 
applied tensile stress to form grain boundary ledges [72]. As the applied tensile load 
increases, these ledges too act as obstacle to dislocation movement resulting in further 
pileups. The coupled effects of these obstacles lead to the significant increase in the 
yield strength of the composites over pure magnesium. However, the marginal changes 
in strength with progressive presence of reinforcement suggest that grain refinement is 
dominating as strengthening mechanism. The results also reveal that Mg/1.11Al2O3 
composite experiences the least exploitation of the reinforcement in its ultimate tensile 
strength and particulate debonding (see Figure 4.9.2d) is found to be prime reason 
behind it. However, the strength properties of the developed materials not only remain 
higher than the unreinforced magnesium but even significantly higher than magnesium 
reinforced with high volume fraction of SiC (see Table 4.9.2). Strengthening effect of 
fine Al2O3 particulates on metals like aluminum, copper and nickel has been reported 
much earlier [79]. 
Room temperature tensile test also revealed the capability of 1µm-size Al2O3 
particulates reinforcement to increase the ductility of pure magnesium when present in 
lower volume percentage (in the case of Mg/0.66Al2O3) but realize deterioration with 
their increasing presence (in the cases of Mg/1.11Al2O3 and Mg/2.49Al2O3) (see Table 
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4.9.2). The increment in ductility of magnesium matrix due to presence of 1µm-size 
particulates (volume percentages of 0.66 and 2.49) can primarily be attributed to the 
coupled effect of: (a) grain refinement [80], (b) presence of reasonably uniformly 
distributed reinforcement particulates [60], and (c) supposedly slip on extra non-basal 
slip system [20].  Grain refinement particularly benefits hexagonal metals in ductility 
increment where intergranular fracture arises from intercrystalline stresses [80]. Again, 
dispersed phases in brittle matrix, where dislocation mobility is restricted and crack 
generation is relatively easy, act as ductility enhancer, an anomaly to their effect in 
ductile matrix [60]. Dispersed reinforcement particulates in brittle metal matrix serve 
to: (i) provides sites where cleavage cracks may open ahead of an advancing crack 
front, (ii) dissipate the stress concentration which would otherwise exist at the crack 
front, and (iii) alter the local effective state of stress from plane strain to one of plane 
stress in the neighborhood of the crack tip. In addition, it has been understood through 
recent studies that non-basal slip system activate under axial tensile stress and 
increases ductility [20] as has been seen in this study also using fine ceramic oxide 
particulate reinforcements Al2O3, Y2O3 and ZrO2. Improvement in ductility of 
magnesium alloys exploiting very fine metastable secondary phase precipitation at 
grain boundaries has reported earlier [37-39, 53]. However, effective realization of fine 
oxide reinforcement could not improve ductility of the composites with increasing 
volume fraction of reinforcements due to presence of large numbers of microcracks 
coupled with debonding (see Figure 4.9.2d) which is specially dominated in 
Mg/1.11Al2O3 composite matrix.  
The work of fracture expresses the ability of each material to absorb energy 
up to fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that 1µm-size Al2O3 reinforced Mg/0.66Al2O3 and Mg/2.49Al2O3 composites 
are distinctly superior when compared to unreinforced magnesium (see Table 4.9.3) 
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indicating that the presence of fine Al2O3 significantly improved the fracture resistance 
of matrix. In essence, the results of tensile testing revealed that the 1µm-size Al2O3 
reinforcement can be used in the magnesium for the development of materials for 
strength based designs (higher yield strength when compared to magnesium) and for 
damage tolerant designs (higher work of fracture when compared to magnesium) with 
good formability. 
The results further revealed 0.2% YS and UTS, and ductility of these 
composites remained much superior even when compared to magnesium reinforced 
with much higher volume percentage of micron-size SiC. This also translates into even 
lighter weight and further enhanced specific mechanical properties (see Table 4.9.3). 
Study of uniaxially deformed fracture surfaces revealed the microstructural 
effects on tensile ductility and fracture properties of 1µm-size Al2O3 dispersion 
strengthened pure magnesium. Typical brittle-ductile fracture features (Figure 4.9.2a) 
[52] with the presence of microscopically rough small steps has been seen in the case 
of Mg samples. However, fractography of composite samples revealed salient features 
such as: (a) dimple shaped reduced size of brittle-ductile microscopic steps (see Figure 
4.9.2b & c) [52], (b) limited intergranular crack propagation (typical for hexagonal 
metal to improve its ductility [80]), (c) branching of propagating crack at 
reinforcement particulates (typical way to improve ductility of metal with hexagonal 
crystal structure [60]) and (d) debonding of reinforcement particulates (see Figure 
4.9.2 d). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by 
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basal slip system [52, 82]. Activation of non-basal slip system is necessary and is 
apparent in the cases of 1µm-size Al2O3 dispersion strengthened magnesium. Presence 
of 1µm-size oxide reinforcement and refined microstructure is believed to initiate the 
activation of non-basal slip system in the developed composite materials. Activation of 
nonbasal slip system in magnesium matrix due to the presence of reinforcement [20] 
and grain refinement [81] has been reported in open literature by other researchers. 
Again, presence of limited intergranular crack propagation and dissipation of stress 
concentration by branching of propagating crack tip in the fracture surfaces signifies 
improved plastic deformation in hexagonal crystal structured magnesium matrix. It is 
interesting to note that the brittle-ductile like fracture features of the plastically 
deforming magnesium metal matrix was refined to more dimple like feature with 
limited intergranular fracture dominated by formation, growth and coalescence of the 
microscopic voids supposedly with the activation of non-basal slip system in the cases 
of materials with 0.66 and 2.49 volume fraction of 1µm-size Al2O3 particulates. 
However, debonding of reinforcement particulates dominated as fracture mechanism in 
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5.10 PM Processed 1µm-Al2O3 Reinforced Composites 
5.10.1 Microstructural Behavior 
Microstructural characterization of extruded composites samples are 
discussed in terms of: (a) distribution of reinforcement, (b) grain size and shape, and 
(c) amount of porosity. 
The reasonably uniform distribution of reinforcement particulates with good 
interfacial integrity (see Figures 4.10.1a & b) can be attributed to: (a) suitable blending 
parameters and (b) high extrusion ratio used in secondary processing. Plastic flow 
associated with extrusion ratio of 20:1 or higher improves the: (i) bond between matrix 
metal particulates by disrupting particulate oxide film allowing metal-metal contact, 
and (ii) reinforcement distribution by dispersing the clusters [7, 51]. 
Metallography of the extruded samples revealed that the matrix recrystallized 
completely. The sizes of the near-equiaxed grains of magnesium matrix in the case of 
composite samples were distinctly smaller when compared to that of unreinforced 
magnesium (see Figures 4.10.1b & c and Table 4.10.1). Grain refinement in the case of 
composite samples can primarily be attributed to the coupled effects of: (i) capability 
of 1µm-size Al2O3 particulates to nucleate magnesium grains during recrystallization 
[70], and (ii) restricted growth of recrystallized magnesium grains as a result of 
pinning by Al2O3 particulates [52]. The fundamental principles behind the ability of 
inclusions in the metallic-matrix to nucleate recrystallized grains and to inhibit grain 
growth have been well established. However, the result of grain size measurement did 
not reveal any dependence on the variation of the Al2O3 content within the limits 
investigated in this study (up to 2.49-vol %) and it might be due to the relatively higher 
tendency of clustering of Al2O3 particulates with an increase in their volume fraction. 
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The presence of minimal porosity in composite materials, also supported by 
the experimental density values (see Table 4.10.1), can be attributed to the appropriate 
selection of compaction, sintering and extrusion parameters [7, 83].  
 
5.10.2 Mechanical Properties 
The results of hardness measurements revealed that an increase in the volume 
percentage of 1µm-size Al2O3 reinforcement lead to an increase in the hardness (both 
in micro and bulk level) of the metallic matrix of Mg/Al2O3 composites (see Table 
4.10.2). The hardness increment can be attributed primarily to: (a) the presence of 
relatively harder ceramic particulates in the matrix [9, 15, 25], (b) a higher constraint 
to the localized matrix deformation during indentation due to their presence, and (c) 
reduced grain size (see Table 4.10.1) [72-73]. The hardness results obtained in the 
present study are similar to the findings reported for ceramic reinforced magnesium 
matrices [9-10]. 
The results of room temperature tensile testing revealed significant increase in 
0.2%YS and UTS (see  Table 4.10.2) of pure magnesium due to the presence of 1µm-
size Al2O3 as reinforcement and can primarily be attributed to the coupled effect of: (a) 
increase in grain boundary area due to grain refinement [52, 70], (b) heavily built 
multi-directional thermal stress at the particulate/matrix interface at grain boundaries 
induced due to the large difference of coefficient of thermal expansion between matrix 
and reinforcement (CTE of Mg is 27.1 x 10-6/0K [74], and Al2O3 is 7.4 x 10-6/0K [75], 
respectively), and (c) the effective transfer of applied tensile load to the uniformly 
distributed well-bonded strong Al2O3  particulates (see particle shear in Figure 4.10.2e) 
(yield strength of ceramic materials lies much higher than metallic materials [57]) [76]. 
In general, the yield stress of material is the stress required to operate dislocation 
sources and is governed by the dislocation density and magnitude of all the obstacles 
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that restrict the motion of dislocation in the matrix. Under the applied stress, enormous 
number of reinforcement particulates acts as obstacles to the dislocation movement and 
end up with dislocation pile ups [60, 72]. Again, multi-directional thermal stress 
induced during processing easily starts multi-gliding system [78] under applied stress 
so that dislocations were found developing and moving in several directions. Multi-
glide planes agglomerate under thermal and/or applied tensile stress to form grain 
boundary ledges [72]. As the applied tensile load increases, these ledges too act as 
obstacle to dislocation movement resulting in further pile-ups. The coupled effects of 
these obstacles lead to the significant increase in the yield strength of the composites 
over pure magnesium. However, dislocation pile up at grain boundary ledges increases 
with the increasing presence of reinforcement as well as clustering might lead to early 
grain boundary cavitation and compromised the strengthening effect of grain 
refinement to a decreasing 0.2%YS and UTS in the cases of Mg/Al2O3 composites 
studied here but still remain significantly higher when compared with unreinforced 
pure magnesium. Strengthening effect of fine Al2O3 particulates on metals like 
aluminum, copper and nickel has been reported much earlier [79]. 
Room temperature tensile test also revealed the capability of 1µm-size Al2O3 
particulates reinforcement to increase the ductility of pure magnesium. The increment 
in ductility of magnesium matrix due to presence of fine particulates can primarily be 
attributed to the coupled effect of: (a) significant grain refinement [80], (b) presence of 
reasonably uniformly distributed reinforcement particulates [60], and (c) presumably 
activation of non-basal slip system [20]. Grain refinement particularly benefits 
hexagonal metals in ductility increment where intergranular fracture arises from 
intercrystalline stresses [80]. Again, dispersed phases in hexagonal metal matrix with 
limited ductility, where dislocation mobility is restricted and crack generation is 
relatively easy, act as ductility enhancer, an anomaly to their effect in ductile matrix 
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[60]. Dispersed reinforcement particulates in brittle metal matrix serve to: (i) provides 
sites where cleavage cracks may open ahead of an advancing crack front, (ii) dissipate 
the stress concentration which would otherwise exist at the crack front, and (iii) alter 
the local effective state of stress from plane strain to one of plane stress in the 
neighborhood of the crack tip. In addition, it has been understood through recent 
studies that non-basal slip systems activate under axial tensile stress and increases 
ductility [20]. It is interesting to note that metallic particulate reinforcement like Ti 
[20, 36] and finer ceramic oxide particulate dispersoids like Al2O3, Y2O3 and ZrO2 in 
this study seems to be capable to activate non-basal slip system at room temperature in 
pure magnesium matrix and increases the ductility. However, excessive increasing 
dislocation pile up at grain boundary ledges due to the increasing volume fraction of 
reinforcement in the case of Mg/2.49Al2O3 might have lead to an early initiation of 
grain boundary cavitation and coalescence to microcracks (see Figure 4.10.2f) and 
block the improvement in ductility but still remain distinctly higher when compared 
with unreinforced pure magnesium.   
The work of fracture expresses the ability of each material to absorb energy 
up to fracture under tensile load and was computed using stress-strain diagram [52]. It 
reveals that Mg/Al2O3 composites are distinctly superior when compared to 
unreinforced magnesium (see Table 4.10.3) indicating that the presence of 1µm-size 
Al2O3 particulates significantly improved the fracture resistance of matrix. In essence, 
the results of tensile testing revealed that the 1µm-size Al2O3 particulates can be used 
as the reinforcement in the magnesium for the development of materials for strength 
based designs (higher yield strength when compared to magnesium) and damage 
tolerant designs (higher work of fracture when compared to magnesium) with good 
formability.  
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The results revealed that addition of 0.66-volume percent of 1µm-size Al2O3 
lead to an improvement in overall combination of mechanical properties that is not 
matched even by AZ91/SiC containing much higher volume percentage of micron size 
SiC particulates (see Tables 4.10.2 and 4.10.3). This also translates into even much 
lighter weight and further enhanced specific mechanical properties (see Table 4.10.3).  
Study of uniaxially deformed fracture surfaces revealed the microstructural 
effects on tensile ductility and fracture properties of 1µm-size Al2O3 dispersion 
strengthened pure magnesium. Typical brittle-ductile fracture features (Figure 4.10.2a 
& b) [52] with the presence of microscopically rough small steps has been seen in the 
case of Mg samples. However, fractography of 1µm-size Al2O3 dispersion 
strengthened composite samples revealed salient features such as: (a) dimple shaped 
reduced size of brittle-ductile microscopic steps [52] (see Figure 4.10.2c & d), (b) 
limited intergranular crack propagation (typical for hexagonal metal to improve its 
ductility [80]), and (c) arrest of advanced microcracks (typical way to improve 
ductility of metal with hexagonal crystal structure [60]). 
Under the influence of far-field tensile load the fine microscopic voids 
including grain boundary ledges appeared and propagated by the void-sheet 
mechanism before coalescing to form dimples like microscopic features on the fracture 
surface. This is typical change in fracture nature requires homogeneous deformation of 
matrix which is naturally restricted in hexagonal crystal structured magnesium by 
basal slip system [52, 82]. Activation of non-basal slip system is necessary and is 
apparent in the cases of 1µm-size Al2O3 dispersion strengthened magnesium. 
Activation of non-basal slip system in magnesium matrix due to the presence of 
reinforcement [20] and grain refinement [81] has been reported in open literature by 
other researchers. Again, presence of limited intergranular crack propagation and 
dissipation of stress concentration by arrest of the propagating crack tip in the fracture 
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surfaces signifies improved plastic deformation in hexagonal crystal structured 
magnesium matrix. It is interesting to note that the brittle-ductile like fracture features 
of the plastically deforming magnesium metal matrix was refined to more dimple like 
feature with limited intergranular fracture dominated by formation, growth and 
coalescence of the microscopic voids supposedly with the activation of non-basal slip 
system in the presence of 1µm-size Al2O3 particulates. However, presence of 
increasingly large numbers of microcracks (see Figure 4.10.2f) in composite matrices 

































































Conclusion and Recommendations 
Chapter 6: Conclusions and Recommendations 
6.1 Conclusions: Types of Materials 
6.1.1 DMD Processed nano-Al2O3 Reinforced Composites 
a) Disintegrated melt deposition technique coupled with hot extrusion can be 
used to synthesize nano-Al2O3 particulates reinforced magnesium composites. 
b) The grain refinement, reasonably uniform distribution of reinforcement 
particulates and the presence of minimal porosity in the composite 
microstructure indicate the suitability of primary processing and secondary 
processing parameters used in the present study. 
c) The results of mechanical characterization revealed that the increasing 
presence of nano-Al2O3 particulates in magnesium matrix lead to significant 
improvement in hardness, 0.2%YS, UTS, ductility and work of fracture. 
d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-
basal slip system in the presence of nano-size Al2O3 particulates. 
 
6.1.2 PM Processed nano-Al2O3 Reinforced Composites  
a) Blend-press-sinter powder metallurgy technique coupled with hot extrusion 
can be used to synthesize nano-Al2O3 particulates containing magnesium 
composites. 
b) Microstructural characterization shows a threshold in the volume fraction of 
nano-Al2O3 particulates to introduce grain refinement in magnesium matrix 
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using the primary processing and secondary processing parameters practiced 
in the present study. 
c) The results of mechanical characterization revealed that the presence of nano-
Al2O3 particulates in magnesium matrix lead to significant improvement in 
hardness, 0.2%YS and UTS. Ductility and work of fracture peaked at 0.66-
vol% of Al2O3 reinforcement. 
d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-
basal slip system in the presence of nano-size Al2O3 particulates. 
 
6.1.3 DMD Processed nano-Y2O3 Reinforced Composites  
a) Disintegrated melt deposition technique coupled with hot extrusion can be 
used to synthesize nano-Y2O3 particulates reinforced magnesium composites. 
b) Microstructural characterization showed reasonably uniform distribution of 
reinforcement particulates, significantly increasing grain refinement which 
stabilizes at 0.66-volume percentage of reinforcement, and the presence of 
minimal porosity in the composite microstructure using the primary 
processing and secondary processing parameters in the present study. 
c) The results of mechanical characterization revealed that the presence of up to 
0.66-volume percentage of nano-Y2O3 particulates in magnesium matrix lead 
to significant improvement in hardness, 0.2%YS, UTS, and work of fracture. 
Ductility increased with the addition of 0.22-volume percentage of nano-Y2O3 
but reduces with further increase in amount of reinforcement. 
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d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-
basal slip system in the presence of nano-size Y2O3 when present up to 0.66-
volume percentages and further addition to 1.11-volume percentage led to 
complete intergranular mode. 
 
6.1.4 PM Processed nano-Y2O3 Reinforced Composites  
a) Blend-press-sinter powder metallurgy technique coupled with hot extrusion 
can be used to synthesize nano-Y2O3 particulates containing magnesium 
composites. 
b) Microstructural characterization showed reasonably uniform distribution of 
reinforcement particulates, significantly increasing grain refinement which 
stabilizes at 0.66-volume percentage of reinforcement, and the presence of 
minimal porosity in the composite microstructure using the primary 
processing and secondary processing parameters in the present study. 
c) The results of mechanical characterization revealed that the presence of nano-
Y2O3 particulates in magnesium matrix lead to marginal improvement in 
hardness, 0.2%YS and UTS and significant improvement in ductility and 
work of fracture. However, a decreasing strength and ductility trend was 
observed when the amount of nano-Y2O3 increased beyond 0.22-volume 
percentage. 
d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
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growth and coalescence of the microscopic voids with the activation of non-
basal slip system in the presence of nano-size Y2O3 particulates. 
 
6.1.5 DMD Processed nano-ZrO2 Reinforced Composites  
a) Disintegrated melt deposition technique coupled with hot extrusion can be 
used to synthesize nano-ZrO2 particulates containing magnesium 
nanocomposites. 
b) Microstructural characterization shows significant grain refinement, fairly 
uniform distribution of reinforcement particulates and the presence of 
minimal porosity in the case of composite samples indicating the suitability of 
primary processing and secondary processing parameters used in the present 
study. 
c) The results of mechanical characterization revealed that the presence of nano-
ZrO2 particulates in magnesium matrix lead to significant improvement in 
hardness, 0.2%YS and UTS but adversely affect ductility. 
d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was changed to complete 
intergranular due to the presence of nano-size ZrO2 particulates. 
 
6.1.6 PM Processed nano-ZrO2 Reinforced Composites  
a) Blend-press-sinter powder metallurgy technique coupled with hot extrusion 
can be used to synthesize nano-ZrO2 particulates containing magnesium 
composites. 
b) Microstructural characterization showed reasonably uniform distribution of 
reinforcement particulates, significant grain refinement, and the presence of 
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minimal porosity in the nanocomposite microstructure using the primary 
processing and secondary processing parameters in the present study.  
c) The results of mechanical characterization revealed that the increasing 
presence of nano-ZrO2 particulates in magnesium matrix lead to reasonable 
improvement in hardness, 0.2%YS, UTS, ductility and work of fracture. The 
best combination of mechanical properties was exhibited by Mg/0.66ZrO2. 
d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-
basal slip system due to the presence of nano-size ZrO2 particulates. 
 
6.1.7 DMD Processed 0.3µm-Al2O3 Reinforced Composites  
a) Disintegrated melt deposition technique coupled with hot extrusion can be 
used to synthesize submicron-size Al2O3 particulates reinforced magnesium 
composites. 
b) The significant grain refinement, reasonably uniform distribution of 
reinforcement particulates with good interfacial integrity and the presence of 
minimal porosity in the composite microstructure indicate the suitability of 
primary processing and secondary processing parameters used in the present 
study. 
c) The results of mechanical characterization revealed that the presence of 
0.3µm-Al2O3 particulates in magnesium matrix lead to significant 
improvement in hardness, 0.2%YS, and UTS. Ductility and work of fracture 
peaked in the case of Mg/0.66Al2O3 and reduced below the unreinforced 
magnesium in the case of Mg/2.49Al2O3 composite. 
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d) Fractography revealed that fbrittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-
basal slip system due to the presence of 0.3µm-size Al2O3 particulates. 
 
6.1.8 PM Processed 0.3µm-Al2O3 Reinforced Composites  
a) Blend-press-sinter powder metallurgy technique coupled with hot extrusion 
can be used to synthesize submicron-size Al2O3 particulates containing 
magnesium composites. 
b) Microstructural characterization shows a significant grain refinement which 
peaked at 1.11-vol% of Al2O3, reasonable uniform distribution reinforcement 
particulates with good interfacial integrity using the primary processing and 
secondary processing parameters practiced in the present study. 
c) The results of mechanical characterization revealed that the presence of 
0.3µm-Al2O3 particulates in magnesium matrix lead to significant 
improvement in hardness, 0.2%YS, UTS, ductility and work of fracture. 
However, increasing amount of reinforcement has decreasing trend in tensile 
behavior of the composites in the study. 
d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-
basal slip system due to the presence of submicron-size Al2O3 particulates. 
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6.1.9 DMD Processed 1µm-Al2O3 Reinforced Composites  
a) Disintegrated melt deposition technique coupled with hot extrusion can be 
used to synthesize 1µm-size Al2O3 particulates reinforced magnesium 
composites. 
b) The significant grain refinement peaked at 1.11-vol% of Al2O3. Reasonably 
uniform distribution of reinforcement particulates with good interfacial 
integrity and the presence of minimal porosity in the composite 
microstructure indicate the suitability of primary processing and secondary 
processing parameters used in the present study. 
c) The results of mechanical characterization revealed that the presence of 1µm-
Al2O3 particulates in magnesium matrix lead to significant improvement in 
hardness, 0.2%YS, UTS, ductility and work of fracture of composites. 
Hardness and strength of composite with 1.11-vol%, although relatively lower 
than other composites, still remain higher than those of unreinforced 
magnesium but the ductility deteriorated. 
d) Fractography revealed that fbrittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-
basal slip system due to the presence of 1µm-size Al2O3 particulates. 
 
6.1.10 PM Processed 1µm-Al2O3 Reinforced Composites  
a) Blend-press-sinter powder metallurgy technique coupled with hot extrusion 
can be used to synthesize 1µm-size Al2O3 particulates containing magnesium 
composites. 
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b) Microstructural characterization shows a significant grain refinement in 
magnesium independent of the changing volume fraction of reinforcement, 
reasonable uniform distribution of 1µm-Al2O3 particulates with good 
interfacial integrity using the primary processing and secondary processing 
parameters practiced in the present study. 
c) The results of mechanical characterization revealed that the presence of 1µm-
Al2O3 particulates in magnesium matrix lead to significant improvement in 
hardness, 0.2%YS, UTS, ductility and work of fracture. Within composite 
materials, increasing amount of reinforcement has a decreasing trend on 
strength behavior of the composites in the study. 
d) Fractography revealed that brittle-ductile like fracture features of the 
plastically deforming magnesium metal matrix was refined to more dimple 
like feature with limited intergranular fracture dominated by formation, 
growth and coalescence of the microscopic voids with the activation of non-












Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan 124
Conclusion and Recommendations 
 
6.2 Conclusions: Comparative on Reinforcements and Processing  
Generalized: 
 Solidification (DMD technique) and powder metallurgy (blend-press-sinter) 
processing routes can be used to synthesize nano-Al2O3, Y2O3, ZrO2 
particulates containing magnesium nanocomposites. 
 Solidification processing is relatively more effective in distribution of 
reinforcement and grain refinement compared to powder metallurgy process. 
 Al2O3 (nanometer to micrometer) Y2O3 and ZrO2 nano-particles 
simultaneously improved strength, ductility and work of fracture of 
magnesium matrix in most of the developed materials. 
Nano-size oxides and primary processing: 
 Al2O3 remains the best choice among the nano-size oxide particulate 
reinforcement for simultaneous improvement of strength and ductility of pure 
magnesium matrix irrespective processing route. 
 Improvement in strength and ductility of pure magnesium reached to peak in 
nanocomposites with: (i) 1.11 volume percentage of nano-Al2O3, (ii) 0.22 
volume percentage of nano-Y2O3, and (iii) 0.66 volume percentage of nano-
ZrO2. 
 DMD processing technique is most effective in exploiting the advantages of 
nano-size oxide reinforcement in simultaneous improvement of strength and 
ductility of pure magnesium matrix. 
 DMD technique is recommendable as commercial production of the 
magnesium based nanocomposites due to its capability of: (i) development of 
superior quality materials, and (ii) fabrication of bulk product. 
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Size of Al2O3: 
 Improvement in strength and ductility of pure magnesium reached to peak in 
nanocomposites with: (i) 1.11 volume percentage of 50 nm Al2O3, (ii) 0.66 
volume percentage of 0.3 µm Al2O3, and (iii) 0.66 volume percentage of 1 µm 
Al2O3. 
 For damage tolerant based design (higher work of fracture) the recommended 
Al2O3 reinforced composites are as: (i) DMD processed nanocomposite with 
50nm Al2O3 particulates, and (ii) PM processed composite with 0.3 µm Al2O3 
particulates. 
 For strength based design (higher strength) 0.3 µm Al2O3 particulates 
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6.3 Recommendations for Future Work 
 Detail study of structural application orientated behaviors, like wear, 
damping, high temperature mechanical properties, fatigue tests, should be 
conducted on the developed materials. 
 The feasibility of development of magnesium based metal matrix composites 
with different combination of Al2O3, Y2O3 and ZrO2 nano-particulates 
reinforcements to study their combined effects. 
 The feasibility of development of Al2O3, Y2O3 and ZrO2 nano-particulates 
containing metal matrix composite is to be explored in the case of magnesium 
alloy matrices. 
 The feasibility of development of Al2O3, Y2O3 and ZrO2 nano-particulates 
containing metal matrix composite is to be explored in the case of magnesium 
matrix with processing technique other than disintegrated melt deposition and 
blend-press-sintered methods. 
 The feasibility of development of nano-size oxide particulates containing 
metal matrix composite is to be explored in the case of magnesium matrix 
with reinforcements other than Al2O3, Y2O3 and ZrO2. 
 TEM study on nanocomposites to better understand the behavior. 
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Appendix A: DMD Log Book 
Appendix A 
Table A-1: Process log sheet for monolithic magnesium. 
 
 
Process Log Sheet for Pure Magnesium 
Process Number SFH-M1 Date 15/05/2002 
Type of Ingot Monolithic Mg Status Success 




Material Magnesium Material - 
Type/Weight Turnings/800 gm Type/ Weight - 
Mode of Mixing - 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 500 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1130 hrs End Time 1355 hrs 
Initial Temperature 25 0C Final Temperature 720 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
Continuous flows of magnesium melt from the crucible. 
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Appendix A: DMD Log Book 
Table A-2: Process log sheet for DMD processed nanocomposite with 1.11-vol%of 
50nm-size Al2O3. 
Process Log Sheet for Alumina Reinforced Magnesium 
Process Number SFH-50nm Al-6 Date 31/05/2002 
Type of Ingot Mg/Al2O3  Status Successful 




Material Magnesium Material Alumina 
Type/ Weight Turnings/975 gm Type/ Weight Powder/25 gm 
Mode of Mixing Al2O3 powder insert in Mg-turnings in two Al tube of 2.50gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 500 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1000 hrs End Time 1140 hrs 
Initial Temperature 30 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Table A-3: Process log sheet for DMD processed nanocomposite with 0.66-vol%of 
50nm-size Al2O3. 
Process Log Sheet for Alumina Reinforced Magnesium 
Process Number SFH-50nm Al-10 Date 11/06/2002 
Type of Ingot Mg/Al2O3  Status Successful  




Material Magnesium Material Alumina 
Type/ Weight Turnings/984.12gm Type/ Weight Powder/15 gm 
Mode of Mixing Al2O3 powder insert in Mg-turnings in two Al tube of 0.88gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 500 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1450 hrs End Time 1610 hrs 
Initial Temperature 30 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Table A-4: Process log sheet for DMD processed nanocomposite with 0.22-vol%of 
50nm-size Al2O3. 
Process Log Sheet for Alumina Reinforced Magnesium 
Process Number SFH-50nm Al-11 Date 27/06/2002 
Type of Ingot Mg/Al2O3  Status Successful 




Material Magnesium Material Alumina 
Type/ Weight Turnings/994.38gm Type/ Weight Powder/5 gm 
Mode of Mixing Al2O3 powder insert in Mg-turnings in two Al tube of 0.62gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 500 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1000 hrs End Time 1140 hrs 
Initial Temperature 30 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Table A-5: Process log sheet for DMD processed nanocomposite with 1.11-vol%of 
29nm-size Y2O3. 
 
Process Log Sheet for yttria Reinforced Magnesium 
Process Number SFH-29nm Y-1 Date 12/10/2004 
Type of Ingot Mg/Y2O3 Status Successful 




Material Magnesium Material Yttria  
Type/Weight Turnings/700 gm Type/ Weight Powder/22.62gm 
Mode of Mixing Arranged as layer of reinforcement in Mg turning in crucible 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1320 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
Continuous flows of magnesium melt from the crucible. Ingot weighed 661.82gm 
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Table A-6: Process log sheet for DMD processed nanocomposite with 0.66-vol%of 
29nm-size Y2O3. 
 
Process Log Sheet for yttria Reinforced Magnesium 
Process Number SFH-29nm Y-2 Date 19/10/2004 
Type of Ingot Mg/Y2O3 Status Successful 




Material Magnesium Material Yttria 
Type/Weight Turnings/700 gm Type/ Weight Powder/13.39gm 
Mode of Mixing Arranged as layer of reinforcement in Mg turning in crucible 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 450 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1320 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
Continuous flows of magnesium melt from the crucible. Ingot weighed 650.49gm 
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Table A-7: Process log sheet for DMD processed nanocomposite with 0.22-vol%of 
29nm-size Y2O3. 
 
Process Log Sheet for yttria Reinforced Magnesium 
Process Number SFH-29nm Y-3 Date 20/10/2004 
Type of Ingot Mg/Y2O3 Status Successful 




Material Magnesium Material Yttria 
Type/Weight Turnings/700 gm Type/ Weight Powder/4.44gm 
Mode of Mixing Arranged as layer of reinforcement in Mg turning in crucible 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 450 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1440 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Table A-8: Process log sheet for DMD processed nanocomposite with 0.22-vol%of 
29-68nm-size ZrO2. 
 
Process Log Sheet for zirconia Reinforced Magnesium 
Process Number SFH-29-56nm Zr-1 Date 08/06/2005 
Type of Ingot Mg/ZrO2 Status Successful 




Material Magnesium Material Zirconia 
Type/Weight Turnings/700 gm Type/ Weight Powder/5.22gm 
Mode of Mixing Arranged as layer of reinforcement in Mg turning in crucible 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1320 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 





Creation of New Mg-Based Material Using Different Types of Reinforcements    by S. Fida Hassan 145
Appendix A: DMD Log Book 
Table A-9: Process log sheet for DMD processed nanocomposite with 0.66-vol%of 
29-68nm-size ZrO2. 
 
Process Log Sheet for zirconia Reinforced Magnesium 
Process Number SFH-29-56nm Zr-2 Date 10/06/2005 
Type of Ingot Mg/ZrO2 Status Successful 




Material Magnesium Material Zirconia 
Type/Weight Turnings/700 gm Type/ Weight Powder/15.74gm 
Mode of Mixing Arranged as layer of reinforcement in Mg turning in crucible 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1000 hrs End Time 1155 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Table A-10: Process log sheet for DMD processed nanocomposite with 1.11-vol%of 
29-68nm-size ZrO2. 
 
Process Log Sheet for zirconia Reinforced Magnesium 
Process Number SFH-29-56nm Zr-3 Date 10/06/2005 
Type of Ingot Mg/ZrO2 Status Successful 




Material Magnesium Material Zirconia 
Type/Weight Turnings/600 gm Type/ Weight Powder/22.80gm 
Mode of Mixing Arranged as layer of reinforcement in Mg turning in crucible 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1000 hrs End Time 1155 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Process Log Sheet for alumina Reinforced Magnesium 
Process Number SFH-0.3µm Al-1 Date 06/10/2004 
Type of Ingot Mg/Al2O3 Status Successful 




Material Magnesium Material Alumina 
Type/Weight Turnings/700 gm Type/ Weight Powder/40.85gm 
Mode of Mixing Al2O3 powder inserted in Mg-turnings in three Al tube of 1.16gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1320 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Table A-12: Process log sheet for DMD processed composite with 1.11-vol%of 
0.3µm-size Al2O3. 
 
Process Log Sheet for alumina Reinforced Magnesium 
Process Number SFH-0.3µm Al-2 Date 21/08/2003 
Type of Ingot Mg/Al2O3 Status Successful 




Material Magnesium Material Alumina 
Type/Weight Turnings/780 gm Type/ Weight Powder/20gm 
Mode of Mixing Al2O3 powder inserted in Mg-turnings in two Al tube of 1.00gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1320 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Process Log Sheet for alumina Reinforced Magnesium 
Process Number SFH-0.3µm Al-3 Date 26/08/2003 
Type of Ingot Mg/Al2O3 Status Successful 




Material Magnesium Material Alumina 
Type/Weight Turnings/788 gm Type/ Weight Powder/12gm 
Mode of Mixing Al2O3 powder inserted in Mg-turnings in two Al tube of 0.50gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1440 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Process Log Sheet for alumina Reinforced Magnesium 
Process Number SFH-1µm Al-1 Date 08/10/2004 
Type of Ingot Mg/Al2O3 Status Successful 




Material Magnesium Material Alumina 
Type/Weight Turnings/700 gm Type/ Weight Powder/40.85gm 
Mode of Mixing Al2O3 powder inserted in Mg-turnings in three Al tube of 1.16gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 460 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1320 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Process Log Sheet for alumina Reinforced Magnesium 
Process Number SFH-1µm Al-2 Date 11/10/2004 
Type of Ingot Mg/Al2O3 Status Successful 




Material Magnesium Material Alumina 
Type/Weight Turnings/700 gm Type/ Weight Powder/17.88gm 
Mode of Mixing Al2O3 powder inserted in Mg-turnings in two Al tube of 0.63gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 450 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1320 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Process Log Sheet for alumina Reinforced Magnesium 
Process Number SFH-1µm Al-3 Date 11/10/2004 
Type of Ingot Mg/Al2O3 Status Successful 




Material Magnesium Material Alumina 
Type/Weight Turnings/700 gm Type/ Weight Powder/10.58gm 
Mode of Mixing Al2O3 powder inserted in Mg-turnings in two Al tube of 0.52gm 
 
Equipments Used 
Furnace Resistance Crucible Graphite 
Thermocouple K tpye Stirrer Type Twin Blade Impeller 
Stirrer Coating Zirtex Stirrer Position ~20 mm from bottom 
Stirring Duration  2.5 minutes Stirring Speed ~ 450 rpm 
 
Disintegrated and Melt Deposition Parameters 
Disintegration Gas Argon Gas Jet Gas Flow Rate 25.0 L/min. 
Number of Jet  2, each of φ 4mm  Disintegration Time 3 sec. 
Disintegration 
Flight Distance 





10 mm Mold Type Cylindrical Stainless 















Start Time 1440 hrs End Time 1510 hrs 
Initial Temperature 25 0C Final Temperature 750 0C 
Inert Atmosphere Argon Flow Rate 3 lit/min 
 
Observations 
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Appendix B: Thermal Analysis 
Coefficient of thermal expansion (CTE) of monolithic and composite 
materials was determined using an automated SETARAM 92-16/18 thermo-
mechanical analyzer. Displacement of monolithic and composite materials was 
measured as a function of temperature (in the range of 50°-400°C) using an alumina 
probe under argon atmosphere and was subsequently used to determine the coefficient 
of thermal expansion.  The heating rate of the samples was maintained at 5°C/min 
while the argon gas flow rate was maintained at 1.2 lit/min.  A sample length of ~15 
mm was used in all of the tests. The results shows reinforcements used in this study 
has very little effect in improving dimensional stability of pure magnesium matrix and 
thus not included in main content of the thesis. 
 
Table B-1: Results of Coefficient of Thermal Expansion (CTE) measurements of 
DMD processed Materials. 
 
Materials Reinforcement size weight percentage CTE (x10-6/°k) 
Pure Mg   28.4 ± 0.3 
Mg/0.22Al2O3  50-nm 0.5 27.5 ± 0.1 
Mg/0.66Al2O3 50-nm 1.5 28.0 ± 0.9 
Mg/1.11Al2O3 50-nm 2.5 25.1 ± 0.3 
Mg/0.22Y2O3  29-nm 0.6 27.2 ±0.3 
Mg/0.66Y2O3 29-nm 1.9 28.8 ± 0.5 
Mg/1.11Y2O3 29-nm 3.1 26.0 ± 1.4 
Mg/0.22ZrO2  29-58-nm 0.7 27.9 ± 0.6 
Mg/0.66ZrO2 29-58-nm 2.2 26.4 ± 1.8 
Mg/1.11ZrO2 29-58-nm 3.7 26.1 ± 0.9 
Mg/0.66Al2O3  0.3-µm 1.5 28.2 ± 0.7 
Mg/1.11Al2O3 0.3-µm 2.5 27.4 ± 1.3 
Mg/2.49Al2O3 0.3-µm 5.5 26.8 ± 0.4 
Mg/0.66Al2O3  1-µm 1.5 29.0 ± 0.3 
Mg/1.11Al2O3 1-µm 2.5 26.1 ± 1.8 
Mg/2.49Al2O3 1-µm 5.5 28.2 ± 0.2 
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Appendix B: Coefficient of Thermal Expansion 
Table B-2: Results of Coefficient of Thermal Expansion (CTE) measurements of PM 
processed Materials. 
 
Materials Reinforcement size weight percentage CTE (x10-6/°k) 
Pure Mg   29.4 ± 0.3 
Mg/0.22Al2O3  50-nm 0.5 29.0 ± 0.2 
Mg/0.66Al2O3 50-nm 1.5 28.2 ± 1.1 
Mg/1.11Al2O3 50-nm 2.5 28.4 ± 0.7 
Mg/0.22Y2O3  29-nm 0.6 28.8 ±0.1 
Mg/0.66Y2O3 29-nm 1.9 28.6 ± 0.1 
Mg/1.11Y2O3 29-nm 3.1 21.6 ± 1.6 
Mg/0.22ZrO2  29-58-nm 0.7 30.1 ± 0.1 
Mg/0.66ZrO2 29-58-nm 2.2 27.2 ± 0.9 
Mg/1.11ZrO2 29-58-nm 3.7 21.7 ± 1.1 
Mg/0.66Al2O3  0.3-µm 1.5 28.3 ± 0.7 
Mg/1.11Al2O3 0.3-µm 2.5 29.3 ± 0.4 
Mg/2.49Al2O3 0.3-µm 5.5 29.2 ± 0.5 
Mg/0.66Al2O3  1-µm 1.5 29.0 ± 0.1 
Mg/1.11Al2O3 1-µm 2.5 28.4 ± 0.5 
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Appendix C: Density  
Appendix C: Density Calculation  
Equations in Density and Porosity Calculation 







Where, ρe = Experimental density; Ww = Weight of the specimen in water; 
Wa = Weight of the specimen in air; ρa = Density of air = 0.001225g/cc; ρw = 
Density of water = 1 g/cc. 
 
 Theoretical density was given by equation of Rule-of-Mixture (ROM);  
ρth = (1-Vr) ρm  + Vr ρr            
 
Where, ρth = Theoretical density; Vr = Volume fraction of reinforcement; ρm 
= Density of matrix material; ρr = Density of reinforcing material. 
 
Density of matrix material i.e., magnesium [74] is 1.74 gm/cm3.  
Density of reinforcement materials [75] are: Al2O3 = 3.96 gm/cm3, Y2O3 = 
5.01 gm/cm3, and ZrO2 = 5.89 gm/cm3, respectively. 
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